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RHYTHM AND SYNCHRONISM OF 
TECTONIC MOVEMENTS 
J. H. F. UMBGROVE 


ABSTRACT. Stille’s results concerning the time relations of tectonic 
movements and their “world-wide” occurrence were subjected to a severe 
criticism in two recent papers, one by Gilluly, the other by Rutten. 
Gilluly sees only the deficiencies of Stille’s system and throws it over- 
board entirely, thus denying its outstanding qualities. In the opinion of the 
present author the golden mean lies between Stille’s and Gilluly’s con- 
clusions. He agrees with Rutten’s criticism and conclusions in nearly every 
respect, and he mentions some additional evidence in support of the con- 
cept of the rhythmic alternation of orogenic and non-orogenic periods. 


pa book on comparative tectonics, published in 1924, 
represents a landmark in our knowledge of the time-rela- 
tions of tectonic movements. Two principles are at the base of 
his critical study, viz. (a) a high precision of stratigraphic 


dating of unconformities and non-conformities, (b) a com- 
parative study of data collected from all available sources the 
world over. 

Although these basic principles are entirely sound, the nature 
of the assembled evidence needs careful and critical examina- 
tion in order to formulate reliable conclusions. 

According to Gilluly and Rutten this is not the case. Their 
recent papers contain severe criticism on two principal aspects 
of Stille’s work, viz. (a) on the subjective, or even prejudicial 
character of several cases of non-conformity timing, (b) on the 
heterogeneity of the assembled material and its interpretation. 

However, Gilluly’s conclusion, which runs as_ follows: 
“World-wide orogenic revolutions do not appear to me to have 
been demonstrated” is too extreme. 

Rutten’s opinion is more moderate and I agree with his 
criticisms and conclusions in nearly every respect. 

The golden mean lies between Stille’s and Gilluly’s con- 
clusions. Stille, in his enthusiasm for dating and parallelisa- 
tion of tectonic movements, undoubtedly overshoots the mark. 
Gilluly, on the other hand, sees only the deficiencies of the sys- 
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tem and throws it overboard entirely, thus denying its 
outstanding qualities. 

Let us remember that Bucher, in 1933, also recognized 
some of the deficiencies of Stille’s system of orogenic epochs; 
yet he saw also the great merits of it. This seems to me the 
right attitude. For, if we want to gain some insight in the 
time relations of tectonic processes we must try to fix the 


epochs and phases of these movements as accurately as pos- 


sible. Anybody who ever tried such a procedure knows how 
many errors may slip in, due to the nature of the paleontological 
and stratigraphic record. Moreover, some of the unconformi- 
ties, mapped in the field, will be of local importance only. 
Some may even be caused by submarine downsliding and other 
non-tectonic processes. 

It is to be expected that, with the expansion of detailed 
mapping, an increasing number of unconformities and non- 
conformities of heterogeneous origin will be found. It is well 
known that Stille’s original list of 1924 showed 30 orogenic 
epochs, which increased to about 40 when he had visited North 
America in 1933. Gilluly published a stratigraphic column 
showing 44 unconformities since the Miocene reported in 60 
oil-field descriptions in California. 

As a necessary consequence of the nature of the movements 
in geosynclines and mountain chains, it is to be expected a 
priori that a great number of “epochs,” “phases” and “sub 
phases” of movement will turn out to have been non-contem- 
poraneous and of only local or regional importance. As Rutten 
rightly pointed out, the Trondheim and Ekne phases of the 
Ordovician have no more than local significance at present. 
And as the Ardennic and Eric phases can only seldom be dis- 
tinguished from each other, we should prefer to speak of Neo- 
Silurian or Neo-Caledonian movements. Evidently, also such 
subphases as the Deister, Ostenwald, and Hills of the Upper- 
Cimmerian epoch have only local value. 

Another source of erroneous or prejudicial interpretation 
lies in the length of the time gap represented by some non- 
conformities. Suppose the youngest sediments of the folded 
complex A in figure 1 belong to the Lower Triassic and the un- 
conformable sequence B belongs to the Liassic. In that case the 
time-gap would embrace some twenty million years in the Mid 
and Upper Triassic. Both Gilluly and Rutten remark that the 
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time of folding of A might have taken place at any time between 
Lower Triassic and Liassic. However, before the deposition of 
B, not only folding of A took place but also denudation, pos- 
sibly even peneplanation of A. If no sediments younger than 
A and older than B occur in the area under consideration I 
feel that the time of folding of A was more probably soon 
after the Lower Triassic than at a later time of the Triassic. 

If B represents a marine transgression with direction C-D, 
it evidently took some time to proceed over the distance from 
C to D and so on. This is again a point that calls for attention. 


= 


Fig. 1. Schematic representation of an angular unconformity. 


However, notwithstanding these and other critical remarks, 
certain relatively short periods undoubtedly were characterized 
by folding of widely separated geosynclinal belts. 


Let us recall only a few examples. Rutten admits that the 
Taconic epoch of movement has been established in such widely 
separated areas as the Appalachians, North Ireland, South 
Wales, Victoria, Tasmania, Kirchizes en Tschenski} Moun- 
tains, and that the Upper Paleozoic was a period of enormous 
tectonic activity in the Variscian belts of five continents. 

Therefore, the conclusion is justified that certain epochs of 
the earth’s history are characterized by relatively greater 
tectonic unrest and stronger compression in the earth’s crust 
than intervening periods. To this we should immediately add 
that even in comparatively quiet periods, like the Cambrian 
and Devonian, movements of minor importance have occurred. 
Moreover, we should avoid the term “world-wide” when speak- 
ing of the occurrence of “synchronous” or contemporaneous 
movements in widely separated regions. (Even the designa- 
tion “contemporaneous” should be taken cum grano salis.) 
For, at the same time that strong folding occurs in a geo- 
syncline, similar phenomena may not have taken place in a 
neighboring strip of the earth’s crust. The special configura- 
tion of the basement may cause two geosynclines to form side 
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by side, one of which will be folded to an intense degree during 
a given epoch of compression, while the other will be hardly 
influenced by it. A striking illustration of this is found in the 
Cordilleras along the west coast of North America. The fol- 
lowing belts are found side by side in this area: (1) the Cor- 
dilleran geosyncline, which was formed in the Pre-Cambrian 
and influenced by Laramide folding, (2) the geosyncline of 
the Sierra Nevada (Triassic and Jurassic; Nevadian folding), 
and (3) a geosyncline extending further west on a basement 
which was folded during the Nevadian revolution: the geo- 
syncline of the Coast Ranges (Cretaceous and Lower Terti- 
ary; Miocene folding). 

The same phenomenon can be observed in the Paleozoic 
Wichita geosyncline of central North America. The Wichitas 
and Criner Hills, both of which are situated in this belt, were 
influenced during the Wichita and the Arbuckle epochs, but 
the Ardmore basin in the immediate neighborhood of the geo 
syncline, including the Arbuckle chains, were affected only 
during the latter epoch. 

All available data show that the largest expanse of mountain 
chains since Pre-Cambrian time was occupied by the Variscides, 
especially toward the Upper Carboniferous (post-Sudetie and 


pre-Mid Permian). The second largest area has been occupied 
by the Alpine system since the Pleistocene. The Caledonides 


(‘Taconic and Silurian), extending over large tracts, especially 


in the continents of the northern hemisphere, were less extensive 
than the Alpine belts. The Mesozoic mountains covered the 
smallest areas, and surrounded particularly the Pacific. The 
Variscides and Alpine chains also show circum-Pacific arrange 
ment, but these belts likewise occupied large areas in an E.W. 
direction, along the southern side of the northern continents. 

On the other hand, however, similar epochs of movement 
as found in geosynclinal belts are also encountered outside 
these downwarped strips of the earth’s crust. Let us only 
mention that the origin and rejuvenation of continental basins, 
as well as the time relations with regressions and transgres- 
sions, are striking phenomena. As set forth in extenso in “The 
Pulse of the Earth” all this leads to the following conclusions: 
(1) A correlation in time for orogenic revolutions in widely 
separated regions of the earth is a phenomenon, that cannot 


possibly be denied. (2) The simultaneous occurrence of oro- 
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genic movement in widely separated regions, as well as con- 
temporaneous movements in non-orogenic areas, points to a 
common deep-seated cause (the character of which is still 
highly problematic and forms one of the fundamental problems 
of earth science). (3) The orogenic periods plotted against 
geological time show their rhythmic character as well as their 
time relations with other phenomena, viz. ice-ages, transgres 
sions and regressions of epicontinental seas, formation of 
basins, plutonic and volcanic phenomena. 

I should like to stress once more that Rutten and Gilluly 
were right in offering criticism of Stille’s results. Yet the 
principles underlying Stille’s method are sound and there is 
no excuse for throwing away the baby with the wash water, as 
Gilluly did. 

Bucher wrote: “If orogenic deformation results from earth- 
wide crustal stresses, it is to be expected that the major effects 
are felt essentially “synchronously,” that is within an interval 
measured by hundreds of thousands of years. The individual 
minor episodes, the sum of which constitutes the orogenic 
epoch, need not coincide in different parts of even the same 
orogenic belt, though they may actually do so.” (Bucher 1933, 
pp. 415-416.) 

The concept of the rhythmic occurrence of periods of in- 
creased tectonic activity is not in contradiction with uniformi- 
tarianism. In this respect I agree with Gilluly where he says: 
“I can see no grounds whatever for assuming any increased 
tempo for diastrophism during post-Lipalian time.” (Gilluly, 
1949, p. 590.) 

Holmes is inclined to conclude that the continents must 
have grown progressively thicker and covered an ever-smaller 
area in the course of geological history. As suggested by 
Holmes this would involve a progressive increase in the rate 
of denudation and geosynclinal sedimentation as well as a 
progressive speeding up of orogenic processes. The theory of 
a conspicuous acceleration of these phenomena, representing 
a genuine departure from the theory of uniformitarianism, 
has been advocated by several authors. However, as far as can 
be ascertained, the major cycles of diastrophism do not display 
a marked speeding up of their rhythm. As a matter of fact, 
minor cycles, including the phases and sub-phases of Stille, 
show an increasing frequency when plotted on the geological 
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time scale; but probably this phenomenon is due to the fact 
that unravelling the earth’s structural history becomes ever 
more difficult the farther we try to penetrate into the past. 
Moreover, one should not forget that after a period of dia- 
strophism, when the mountain belt regains isostatic equilibri- 
um, part of the detritus is transported to the deep sea and is 
forever lost from the continents. This amount should be taken 
into account when estimating the progressive thickening of the 
continents. 

Recently, Lafitte argued that there are no reasons for ac- 
cepting the non-uniformitarian viewpoint put forward by 
Cayeux. For, he clearly showed that “abnormal” sediments, 
as well as the alternation of orogenic and non-orogenic periods, 
do not conflict with the sacrosanct dogma that the present is 
the key to the past. 

One of the most baffling problems of earth science is to 
find the motor of the deep-seated processes which cause a 
rhythmic shortening of the earth’s crust and the earth’s 
radius. A vast increase of geological and geophysical data 
are needed before this problem can be attacked without enter- 
ing into the realm of mere speculation. 
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THE STRUCTURE OF ECUADOR 
VICTOR OPPENHEIM 


ABSTRACT. The territory of Ecuador can be divided into three tectonic 
provinces: Coastal, Eastern and Central. The study of these in the light 
of the writer's field observatiens as well as the known published data show 
that the Western Cordillera of Ecuador, of upper Cretaceous age, preceded 
the rise of the later Tertiary Cordillera Real. The former is magmatic while 
the latter is of geosynclinal and metamorphic constitution. 

The structure of the three geological provinces is of block-faulted nature. 
Active voleanism and persistent seismicity of the cordilleras point to the 
direct effects of active tectonic forces still at work in this country. 


INTRODUCTION 


XTENSIVE geological field work throughout most of 

Ecuador was carried out by the writer in 1938 and 1939 
when in charge of field work for the Anglo-Saxon Petroleum 
Company. Additional investigations were also made in the 
writer’s position as Honorary State Geologist for the govern- 
ment of Ecuador. The writer’s notes were recently revised in 
the light of his later geological observations in the Andean 
region as well as in connection with the more recent geological 
data released by the oil companies operating in Ecuador. For 
specific geological information reference will be made to the 


existing publications. Particular emphasis in this study is 
placed on the tectonic movements in Ecuador and their relation 
to volcanism and the high seismicity of this part of the Andes, 
some of the effects of which have been witnessed by the writer. 
Ecuador presents an interesting field of study of the intri- 
cate relations between tectonics, volcanism and seismicity. 


TECTONIC PROVINCES OF ECUADOR 
Three different tectonic regions or provinces corresponding 
to geographical divisions of the country can be distinguished 
in the structure of Ecuador: 
(1) The Coastal Province, extending between the Cordillera 
Occidental and the Pacific Ocean. 
The Eastern Province or “Oriente,” extending east of 
the Cordillera Real, toward the Brazilian Shield. 
The Central Andean Province, embracing the high 
ranges of the Cordillera Real and Cordillera Occidental 
and the Inter-Andean Basin. 
Each of these provinces shows distinct characteristics and 
diastrophic effects. The three are closely related, however, in 
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making this part of the Andes one of the very seismic and 
volcanic regions of the continent, tectonically still very active. 

The Coastal Province.—An extensive fault at the foot of the 
Cordillera Occidental separates this cordillera from the coastal 
sedimentary belt. This fault has been described by Sheppard 
(1937); its southern continuation in northwestern Peru has 
been indicated by Iddings and Olsson (1928). To the north this 
fault zone continues with possible interruptions along the west 
ern foot of the Cordillera Occidental of Colombia as far north 
as the Choco region, where it has been observed by the writer 
in numerous outcrops (Oppenheim, 1949). Another great fault 
extends along the continental shelf from northwestern Peru, 
in a northerly direction, possibly as far as Manta. It passes 
west of the Island La Plata some fifteen miles west of the main 
land of Ecuador. Although the continuation of this fault 
northwards and along the continental shelf of Colombia is 
uncertain, general faulting along the shelf in this direction 
could be expected. The Pacific Fault of Peru and its northern 
continuation appears, thus, to run parallel to the fault zone 
of the Cordillera Occidental. The coastal sedimentary belt, 
bounded by these two major faults or zones of faulting, appears 
in itself intensely fractured and faulted. 

The sediments composing the coastal belt are Cretaceous 
and Tertiary strata of shallow water deposition. The Ter 
tiary alone is about 7,000 meters thick. This would indicate 
a continuous subsidence of the coast throughout Cenozoic 
times. The rise of the western Andes, which began in Meso 
zoic times and continued throughout the Cenozoic, has evi 
dently accompanied the foundering of the coastal belt and 
the formation of the great faults. The same forces could have 
also caused cross-faulting of the sedimentary belt by a 
number of minor fractures which trend to the northwest or 
from east to west. The intricate pattern of these faults is 
not always visible by surface observations and is best revealed 
in the many borings made on the coast. They indicate a com 
plex tectonic block structure. The Eocene and Oligocene beds 
appear to be more intensely fractured and faulted, while the 
Miocene beds are much less so. This points to a lesser dias 
trophic activity in later Tertiary times. Folding also appears 
prominently in the Tertiary belt. The Sierra Colonche-Chongon 


is the highest range on the coast; striking in a northwesterly 
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direction, it seems independent of the Western Cordillera, but 
its core of igneous rocks suggests the possibility of its being 
a spur of the Western Andean batholith. 

Numerous igneous intrusions in the form of dikes and sills 
have greatly affected the southern part of the coastal belt 
and particularly its Eocene and Oligocene beds. Less is known 
about the occurrence of intrusive bodies in the northern part 
of the Ecuadorian coast. They do not seem to be frequent in 
the sediments of the southern coast of Colombia, although 
igneous rocks form the foundation of the Gorgona Island off 
Colombia’s coast. In Colombia widespread intrusions are 
related to the intense diastrophic movements of late Cretaceous 
and early Tertiary times, age of the rise of the Western Cor- 
dillera, The intrusions, as they occur in the sedimentary belt, 
could have preceded or followed the process of faulting. 

The subsidence of the coast ceased completely at the close 
of Tertiary times and in the Pleistocene a distinct emergence 
of the Ecuadorian coast has taken place. Three levels of raised 
sea beaches or “tablazos” are known to extend along the coast 
of northern Peru and southern Ecuador. They have been 
described by Iddings and Olsson (1928) as well as by Sheppard 
(1937). Sheppard describes three levels of “tablazos” in south- 
ern Ecuador at approximately 3 meters, 80 meters and 150 
meters above sea level. Along the northern coast the “tablazos” 
occur at considerably higher levels; on the Isla de la Plata 
they are known at about 30 meters, 160 meters and 250 
meters respectively. The individual thickness of these raised 
sea beaches is of about 5 meters and their age as identified by 
numerous fossils (Barker, 1933) dates from early Quaternary 
to Recent times. This indicates that their rise must have taken 
place in Recent times and points to tectonic oscillations that 
are still taking place on the southern Ecuadorian coast. Con- 
trary to this, the Pacific coast of Colombia shows the effects 


of submergence in its southern part and emergence along the 
Choco coast to the north. The tectonic pattern of the Colom- 
bian coastal sedimentary belt is also quite different from the 
Ecuadorian coastal belt. Faulting of the sedimentary strata 
in the former is of minor importance and the existing faults 
follow the trend of folding, which is generally north-south. 


The rise of the coastal Choco basin to the north is determined 
by a recent marine fauna found by the writer west of Quibdo 
at about 80 meters above the present sea level. 
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The Eastern Province-—The eastern flank of the Cordillera 
Real and the vast territory east of the Andes were studied by 
the writer (Oppenheim, 1943a), mainly in 1938 and 1939 
during several expeditions in which hundreds of miles were 
covered on foot and in native canoes. Many of the reconnais- 
sance observations made at this time broadened the earlier 
studies of Wasson and Sinclair (1927). In a recent publication 
Tschopp (1948) summarizes the stratigraphic data con- 
tributed by many petroleum geologists in the service of oil 
companies up to 1947. 

The eastern flank of the Cordillera Real consists mostly of 
a series of metamorphic rocks, which the writer called “Andean 
System”; it drops abruptly from elevations of over 4,000 
meters to the plains of the “Oriente,” at about 500 meters above 
sea level. An extensive major fault bearing evidence of a wide- 
spread zone of fracturing and tectonic crushing extends along 
the eastern foot of the cordillera from the southern to the 
northern boundary of Ecuador. It continues farther into 
Colombia east of the village of San Francisco. Higher up the 
flank of the cordillera and to the west, several other large 
longitudinal faults have been recorded. The largest of these 
begins south of the valley of Rio Pastaza and continues past 
Topo and Baeza to Cerro Tigre on the Colombian border. 
This great fault marks a belt of tectonic depression and 
intense crustal deformation. At the southern end of this zone 
of faulting, and somewhat to the west, lies the active volcano 
Sangay (5,323 meters), while near its northern end and on 
the line of the equator, is situated another recently active 
volcano, Reventador (1,622 meters). The presence of these 
active volcanoes in this zone of tectonic weakness points to its 
persisting structural instability. A large granodioritic batho- 
lith extends to the east of the fault zone from the Pastaza 
Valley to the Valley of Rio Quijos. Similar granodioritic intru- 
sions have been noticed in the same zone north of Reventador. 
The lavas of Reventador as well as Sangay are, however, of an 
unusual alkaline, nephelinic composition of a distinctly Atlan- 
tic type (Colony and Sinclair, 1928). The great fault zone at 
the foot of the Cordillera Real appears exposed in many sec- 
tions ; however, in parts of its northern extension the contact 
is covered by considerable thicknesses of “mesa” formations. 
Where exposed, the fault seems to be of a normal type, but 
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with local thrusting to the east. The orogenic forces were 
evidently directed almost vertically but a component from the 
west, 

Rising above the “Oriente” plains, east of the Cordillera 
Real and between lat. 1° 45’ and 3° S., extends the Cordillera 
de Cutucu, explored by the writer in 1938 (Oppenheim, 
1943a). It is a continuation of the Cordillera del Condor and 
the Cordillera Oriental of Peru. It appears extremely faulted 
and fractured along its western flank, where it is separated 
from the Cordillera Real by the synclinal depression of Rio 
Upano. A great number of igneous intrusions of different ages 
have affected this sedimentary range. The southern part of 
the Sierra de Cutucu appears divided; its eastern branch 
extends east of the Santiago River and crosses the Pongo 
de Manseriche where it joins the Cordillera Oriental of Peru. 
The western branch of the Cutucu mountains, as stated, forms 
the Cordillera del Condor. To the north the Sierra de Cutucu 
plunges under the Valley of Pastaza, reappearing as the 
Galera Mountains north of the Napo River. The volcano, 
Sumaco (3,190 meters) is the highest peak of this range. To 
the north the Galera Mountains flatten and disappear in the 
valley of Rio Coca and Aguarico. The western flank of the 
Galera Mountains, although largely covered by the volcanic 
ejectamenta of Sumaco, appears to be intensely fractured 
and faulted. The Cordillera Oriental of Colombia has, thus, 
no connections with the eastern ranges of Ecuador. 

The eastern flanks of the Cordillera de Cutucu as well as 
the Galera Mountains expose a gentle eastern slope. The 
Oriente plains extending for great distances to the east towards 
the Brazilian shi ld, are folded into several large and successive 
anticlinal folds, striking in a north-south direction and gradu 
ally flattening to the east. 

Several diastrophic phases have affected the complex tectonic 
history of the “Oriente” province (Tschopp, 1948). The earli 


est diastrophism is evident in the lower Paleozoic Gualaquiza 
Series of an app irently Caledonian cycle followed by volcanic 


activity in the later Paleozoic times. During the early Mesozoic 
the 


voleanism was accompanied by intense erosion and later 
continental sedimentation. The north-south trend of the tec 
togenesis has already been clearly outlined. During the late 


Mesozoic the rise of the geosyncline bordering the Cordillera 
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Real began to accentuate, and finally, in late Cenozoic, the 
last great diastrophic movement took place in the “Oriente” 
province, causing the final rise of the Cutucu and Galera 
Ranges and resulting in the folding of the young Tertiary 
“Oriente formation.” This last cycle has brought about the 
intense faulting of the eastern flank of the Cordillera Real 
as well, probably, as the rise of the voleano Sumaco. 

Tectonic activity along the eastern flanks of the Cordillera 
Real and at the eastern foot of the same cordillera is still in 
progress, as far as can be judged by the many “mesa” levels 
representing former river valleys that were raised several hun- 
dred meters in the process of recent tectonic uplifts. 

The Central Andean Province.—As we have seen in the pre- 
ceding outline, the Andean massive is bounded by great fault 
zones to the east and west. It rises abruptly above the Coastal 
and “Oriente” plains of a few hundred meters in elevation, to 
the great height of the Inter-Andean plateau at about 3,000 
meters, above which rise the two rows of Ecuador’s volcanic 
peaks which surmount the Cordillera Occidental and Cordillera 
Real. The base of the whole Andean range is in places only 100 
kilometers wide, while its width in the upper part is about 60 
kilometers. The highest peak of the Western Cordillera is the 
voleano Chimborazo (6,310 meters), while the highest peak in 
the Cordillera Real is the voleano Cotopaxi (5,943 meters). 
The comparatively narrow and elongated Inter-Andean basin 
separating the two cordilleras is largely filled with great masses 
of volcanic debris, tuffs and lavas. Thus, the contact between 
the two cordillera massives is completely obscured. Judging 
by the sharp differences in the rock composition of the two 
cordilleras, extensive zones of faulting and fracturing must 
exist along the inner base of the cordilleras facing the basin. 
These fault zones to the east and west of the basin outline the 
block structure of the Inter-Andean basin. This basin extends 
from south of Loja northwards and across the northern bound- 
ary of Ecuador into Colombia, where it may find its tectonic 
closure at the Pasto uplift. As previously stated, the great 
amount of pyroclastic materials and igneous flows obscure the 
intricate structure of this Inter-Andean basin. However, a 
physiographic study which has significant bearings on its struc- 
ture indicates that the basin can be divided into a number 
of distinctiy separate blocks, individually outlined by trans- 
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verse ranges or groups of volcanic cones. Thus, we have from 
south to north the Loja Basin, the Cuenca Basin, the Rio- 
bamba Basin, the Latacunga Basin, the Quito Basin and the 
Ibarra-Ipiales Basin. These inner basins form a block struc- 
ture pattern. The Loja, Cuenca and Latacunga basins con- 
sist of Miocene or Pliocene continental sediments, several hun- 
dred meters in thickness. The sediments are intensely faulted 
and fractured and in the case of the Cuenca Basin also com- 
pressed into several folds. The northern basins are separated 
from each other by centrally located volcanoes or groups of 
voleanoes. The volcano Igualata (4,452 meters) separates the 
Riobamba and Latacunga basins; the volcanoes Pasachoa 
(4,255 meters) and Ruminahui (4,767 meters) limit the latter 
from the Quito Basin; the voleanoes Imbabura (4,382 meters) 
and Mojanda (4,280 meters) separate the Quito Basin from 
the Ibarra-Ipiales Basin. The latter is closed to the north by 
the voleano Galeras and the Pasto batholith of southern 
Colombia. The great Cauca depression between the Cordillera 
Occidental and Central of Colombia could be interpreted as a 
northern structural continuation of the Inter-Andean basin 
of Ecuador into Colombia. The Western Cordillera of Ecua- 
dor continues as the Cordillera Occidental of Colombia, where 
it 48, however, considerably lower. The Cordillera Real of 
Ecuador continues throughout Colombia as the Cordillera 
Central. The Cordillera Oriental of Colombia forms a distinct 
branch of the Central Cordillera at about lat. 2° N. (Oppen- 
heim, 1949). It bears no direct relation with any of the Ecua- 
dorian ranges. 

The Inter-Andean Basin of Ecuador suggests a similarity 
with the central Inter-Andean plateau of Bolivia. Both are 
wedged between high Andean massives situated along the edges 
of the main continental curvatures. However, while the Ecua- 
dorian Inter-Andean block is placed on the outward bend 
to the northeast, the Bolivian Inter-Andean Basin (Oppen- 
heim, 1947), the Puna block, is situated on an inward N.W. 
bend of the Andes. This position may partly account for the 
intense and complex tectonism of these two distant regions 
of the Andes. However, in Bolivia voleanism has ceased, while 
the orogenesis as shown by the rising “mesas” still continues 
(Oppenheim, 1943b). In Ecuador both factors are present 
and continue in an active stage. 
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The Cordillera Real consists mainly of metamorphic rocks 
such as gneiss, micaschists, and phyllites, with acid intrusives. 
The age of these rocks is uncertain and it may range from 
Pre-Cambrian to Paleozoic. It is evidently of a geosynclinal 
origin; hence the intense metamorphism of its composing 
elements. 

The Western Cordillera is built mainly of great masses of 
pyroclastic materials and lavas of porphyritic nature. Diabase 
and granodioritic batholiths also appear in this cordillera. 
The extensive occurrence of recently described (Thalmann, 
1943) Upper Cretaceous sediments along the western flank of 
the cordillera indicates the age of this cordillera as uppermost 
Cretaceous. Its complex inner structure is little known. The 
absence, however, of crystalline formations (Tschopp, 1948) 
so typical in the Cordillera Real, clearly shows a different 
origin. The Western Cordillera rose in the late Cretaceous 
times, whereas the Cordillera Real reached its maximum growth 
at the close of Tertiary times (Oppenheim, 1947). The 
younger age of the Cordillera Real is indicated by the several 
historically active voleanoes, some of which continue to be 
active or to have been active recently (Cotopaxi, Tungurahua, 
Sangay, Sumaco and Reventador). Evidence of the continu- 
ous rise in Pleistocene times of the Cordillera Real can also 
be found, as stated, in the many “mesa” levels along the eastern 
flank of the cordillera. 

Geophysical Data.—The results of gravity observations 
carried out by the oil companies operating in Ecuador have 
not been made public; however, judging from the data given 
by Tschopp (1948) as well as by O. F. Sundt (personal com- 
munication in 1945), it is evident that the eastern Andean 
range corresponds to a zone of typical geosynclinal conditions, 
showing minimum gravity. Thus, the gravity anomalies have 
a minimum near Latacunga of — 201 mgl. Bouguer and — 148 
mgl. to the east, still in the Andean region at the confluence 
of the rivers Patate and Chambo, indicating a rise of gravity 
to the east. At the foot of the Cordillera Real at Mera the 
gravity rises to —143 mgl. Farther to the east across the 
“Oriente,” the rise of the gravity anomalies is persistent and 
reaches at Tarqui, on the border with Peru, a maximum of 
+14 mgl. Bouguer. The rise of the gravity from the Andes 
eastwards reflects a mass deficiency under the Andes, and is 
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also due to the increasing nearness of the basement shield- 
rocks that underlie the sedimentary formations and culminate 
with the Brazilian Shield proper, east of the “Oriente.” The 
rise of the anomalies east of the Andes is not uniform, and 
the many maxima observed in the reading correspond to geo- 
logical structures, particularly anticlinal folds, in the sedi 
mentary cover. Some of the maxima, however, reflect the pres 
ence of heavy masses in the deepseated basement underlying 
the sedimentary cover. 


VOLCANISM AND SEISMICITY 


The tectonic outline of Ecuador as one of the intensely 
fractured and faulted regions of the Andes finds its expected 
confirmation in the still-persistent seismicity marked by its 
many destructive earthquakes throughout historical times, as 
well as by the great number of active or latent volcanoes, one 
of which, namely Sangay, is one of the most active in the 
world. Although the relation of the deepseated causes of the 
continuous earthquakes and the past. and present volcanic 
activity will nec essarily remain obscure due to the impossibilit y 
of direct observations, it is evident that tectogenesis may 
cause seismicity and under certain conditions of crustal weak 
ness may result in voleanic outbreaks. 

Analyzing the volcanic activity in the Ecuadorian Andes, 
we find that within a narrow belt between lat. 2° S. and lat. 
1° N. there are twenty-five voleanoes that show clearly pre- 


served craters with comparatively recent lava flows: six of 


the voleanoes have been repeatedly active within the memory 
of man since the 16th century (Wolf, 1892). Of the twelve 
voleanoes of the Western Cordillera only the voleano Pichincha 
(4,777 meters) has been active in historical times (Sauer, 
1943). Outstanding eruptions of Pichincha have been recorded 
in 1566, 1575 and 1582. The volcano was then quiet for 


seventy-eight years, until 1660 when a very strong eruption 
took place. The later, smaller eruptions of Pichincha were 
recorded in 1830 and 1881. The volcano has not been active 
since; however, judging by its past long intervals between 
eruptions, it cannot be considered as extinguished. The fre 
quent minor local carthquakes in the area of Quito, which lies 

foot of Pichincha, undoubtedly bear relation to the 
inner activity of this volcano. 


The Structure of Ecuador 537 


Reviewing briefly the volcanoes in the area of the Cordillera 
Real, we find that of thirteen outstanding volcanic cones, five 
have been active in historical times. The voleano Antisana 
(5,756 meters) had eruptions recorded in 1590, 1728, and 
1801. Fresh lava flows have been observed at the western foot, 
probably of an eruption in 1871. The volcano Cotopaxi 
(5,943 meters) was first recorded in eruption in 1534; then 
it was very active from 1742 to 1768, after which it was 
quiet for thirty-five years until 1803. It was further inter- 
mittently active between 1845 and 1880. The volcano 'Tun- 
gurahua (5,087 meters) had its activity recorded during the 
following years: 1641, and intermittent eruptions between 
1773 and 1781; a very strong and last eruption took place in 
1886. The volcano Sangay (5,323 meters), the southernmost 
voleano of the Cordillera Real, has been in constant eruption, 
with undiminishing lava flows, during all historical times. It 
is one of the most active voleanoes known. Much less has been 
recorded about the two volcanoes east of the Cordillera Real; 
Sumaco was apparently active between 1865 and 1925 and 
Reventador was active in 1926. It is noteworthy to mention 
that the voleano Puracé (Oppenheim, 1950), in the Central 
Cordillera of Colombia, lies on the northern extension of the 
Ecuadorian volcanic range and is still active, although much 
less so than Sangay at the southernmost end of the range. 

The above outline of the historic activity of the Ecuadorian 
volcanoes indicates that while volcanic activity in the Western 
Cordillera has almost ceased, it is still in an active stage in 
the eastern cordilleras of Ecuador. 

Wolf (1892) describes twenty-four recorded earthquakes 
between 1541 and 1868, many of which repeatedly destroyed 
the largest cities of Ecuador, such as Quito, Ibarra, Ambato 
and Riobamba, causing many thousands of casualties in each 
locality. 

The three large and destructive recent earthquakes that 
took place in 1939, 1942 and 1949, evidently reflect the same 


causes of crustal instability that are expressed in the complex 
tectonic pattern and volcanism in the Andes of Ecuador. 


CONCLUSIONS 


The three main tectonic provinces into which Ecuador 
can be divided indicate large-scale block faulting as their 
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structural pattern. Only slight thrusting exists at the eastern 
foot of the Cordillera Real. 

The Cordillera Occidental of predominantly volcanic and 
pyroclastic composition is of Upper Cretaceous age, while 
the eastern Cordillera Real is composed of crystalline meta- 
morphic, probably early Paleozoic, rocks and is evidently of 
late Tertiary to Pleistocene age of uplift. Hence the rise of 
the Cordillera Occidental preceded the uplift of the typically 
geosynclinal ranges of the Cordillera Real and the Sierra de 
Cutucu. 

The Central Inter-Andean basin is a block-faulted inter- 
mediary depression zone forming a link between the old West- 
ern and the more recent Eastern cordilleras. It was probably 
brought to its much lower elevation along with the rise of 
the western edge of the great eastern geosyncline, and was 
later covered by a considerable thickness of more recent volcanic 
materials. Besides the extensive fault zones that limit this inner 
basin to the east and west, it is also divided into large blocks 
by transverse fracture zones. 

‘Lhe voleanic activity of the Cordillera Real, very active in 
historic times, coupled with the persistent magmatic activity 
of the voleano Sangay, indicate that the tectogenic processes 
in the Cordillera Real are still at work. The general rise of the 
Ecuadorian Andes is also evident in the different levels of 
raised sea beaches or “tablazos” along the coast as well as in 
the different levels of old river valleys, “mesas,” on the eastern 
flank of the Cordillera Real. 

Thus the recurrent earthquakes, some of which have been 
of recent destructive effects, as well as the existing active or 


latent voleanism, are reflections of the forces in the process of 


mountain-building which is actually taking place in this part 


of the Andes. 
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PRESSURE—VOLUME—TEMPERATURE 
RELATIONS IN WATER AT ELEVATED 
TEMPERATURES AND PRESSURES* 

GEORGE C. KENNEDY 


ABSTRACT. Development of new high-temperature alloys has made 
possible precise measurements of P-v-T relations for water over a con- 
iderable pressure and temperature range. Much of the existing published 
data on P-v-T relationships at supercritical pressures and temperatures is 
in considerable error and new values at temperatures up to 1000°C. and 
pressures up to 2500 bars are herein presented. 


INTRODUCTION 


N recent years as creep-resistant alloys have become avail- 
| able and as new and ingenious apparatus has been designed, 
particularly by Goranson (1931) and Tuttle (1948), the 
pressure and temperature range for hydrothermal experi- 
mentation has greatly increased. Consequently, accurate P-v-T 
data for water are needed for the new range. 

P-v-T relations in water for the temperature range O°C. 
+60 C. and the pressure range 0-350 atmospheres have been 
investigated with extreme precision and reported upon in 
papers by Smith and Keyes (1934), and Keyes, Smith and 
Gerry (1936). The equation of state derived by these workers 
from research in this temperature-pressure region has been 
used to predict the P-v-T relations to 871°C. (1600°F.) and 
380 bars (5500 p.s.i.). Agreement between the experimentally 


determined values in the 800°C. region reported upon in this 
paper and the calculated values as presented by Keenan and 
Keyes (1936) reveals the accuracy and applicability of their 
equation of state, derived from the work below 460°C. 


Previous reconnaissance measurements of P-v-T relation 


ships for water at high temperatures and pressures have been 
made by Goranson (1938). Goranson’s data and those pre- 
sented in this paper are not in good agreement. The reasons 
for this will be discussed later. Measurements have also been 
made by Van Niecuwenburg and Blumendal (1932) and by 
Tammann and Ruhénbeck (1932). The results of these workers 
have been discussed by Goranson (1938). 


* Paper No. 113 published under the auspices of the Committee on Experi- 
mental Geology ud Geophysics and the Division of Geological Sciences at 
Harvard University 
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Scuematic Diacram Of Apparatus 


APPARATUS AND TECHNIQUE 
A diagrammatic sketch of the apparatus is shown in figure 1. 


The compressor.—The compressor is the same one used and 
described by Benedict (1939) and similar in principle to those 
described by Keyes (1933). The piston diameter is 1% inch, 
effective stroke 6.7 inches and displacement 21.6 cc. approxi- 
mately. The driving nut has a pitch of 10 threads per inch and 
its position can be determined to 0.001 turn, so that a volume 
change of 0.0003 cc. can be estimated. The compressor was 
calibrated by loading it with distilled water, closing valve V, 
and advancing the piston until gauge showed some given pres- 
sure, for instance, 100 bars. The position of the compressor 
driving nut was then read. Valve V. was then opened and a 
portion of> the water expelled from the gauge by advancing 
the piston. The expelled water was carefully collected at J. 
Valve V., was then closed and the piston advanced until the 
gauge again read 100 bars. From the positions of the nut at 
the start and at the end of the calibration run and the weight 
of the water expelled, the grams of water expelled per turn 
at 100 bars internal compressor pressure was immediately 
obtained. The calibration was repeated for 200 atmospheres, 
etc., so that a plot of grams H,O expelled per turn was 
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obtained. This was linear with pressure to within 0.001 gm. 
per turn. 

In the actual P-v-T determinations, the amount of water 
required to raise the pressure in the bomb from one volume 
to another was determined by much the same technique. The 
pressure was first raised in the compressor and on the gauge 
by closing valve V, and advancing the piston until some desired 
new pressure was reached. Then the valve V, was opened and 
the piston advanced, water was injected into the bomb until 
the new pressure was reached. The difference between the two 
piston nut settings, with the appropriate multiplication factor 
of the grams per turn at the pressure involved, gave the amount 
of water injected into the bomb. This method had the advan 
tage of eliminating such corrections as the amount of water 
required by the gauge in going from one pressure setting to 
another, and also, of eliminating corrections for pressure dis 
tortion of the compressor. 

Bomb. — Several innovations in bomb design and material 
were required to work at the maximum temperatures and pres- 
sures. Professor Nicholas T. Grant of Massachusetts Institute 
of Technology recommended and prepared for the writer 
an alloy of unusual composition and properties. The alloy is 
of the following composition: 

23% 
C 1 
Ni 30 
Cr 20 
Co 20 
Mo 

Ww 

Cb 

The alloy is machinable and has high tensile strength at 
high temperatures. It permits the investigation of ranges of 
temperature and pressure considerably beyond those at which 


“stainless” steels are usable. It also has high resist- 


ance *o corrosion. 


ordinary 


Bombs of four different volumes were used, depending upon 
the pressure-temperature range involved. The volumes were 
104.44, 41.64, 30.71 and 20.64 cc., measured under the “stand- 
ird” conditions of 100 atmospheres pressure and 200°C. after 


being subjected to a preliminary stretching at high pressures 
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to test the tightness of the seal and to seat the closure piece 
in its copper packing. 

The general design of the bombs is shown in figure 2. 
Experience has shown that most bomb failure was due to dam- 
age of the threads where the nut forces the packing around 
the bomb closure piece. A heavy tapered pipe thread, eight 
threads to the inch with a taper of two inches per foot, 
eliminated much of the trouble. ‘The bomb can be quickly dis- 
assembled even if the tendency for the threads to weld together 
at the high temperatures is great, for a partial turn of the 
nut immediately frees all of the threads. A driving washer, of 
the same alloy as the bomb and nut, is provided which fits into 
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a tapered seat. If the seat for the washer has parallel sides the 
washer tends to become barrel shaped and will key firmly 
in place at the higher pressures involved. Packing is of the 
unsupported area type, where the pressure on the packing is 
automatically maintained above that inside the bomb. An- 
nealed copper washers were used for packing. The copper 
washers were deformed into place to insure a tight seal. Each 
washer could be used several times; the washer is merely 
inverted for each new run. Figure 2 shows the bomb assembled 
after the copper packing has been forced into place and the 
bomb seat arrangement before the packing is forced into place. 

The closure piece is drilled and fitted with a length of stain- 
less steel capillary tubing of .10” outside diameter and of 
018” inside diameter. The tubing is threaded into the head 
of the closure piece and silver soldered. The silver-soldered 
connection works well up to temperatures of about 700°C., 
but above this temperature is unsatisfactory. Various attempts 
were made at welding the capillary tubing in place so that no 
leak could take place around the threads, but they were invari 
ably unsuccessful as in each case the capillary hole in the 
tubing closed before the weld could be completed. The solution 
to the problem proved simple. The capillary tubing is threaded 
in place and the assemblage closure piece is brought to a red 
heat. A well-pointed center punch is then placed with the 
point in the capillary hole and given a sharp blow. The capil- 
lary tubing is flared outward and a tight seal made. A con 
nector is threaded on the other end of the capillary tubing, 
through which a joint can be made to a valve block and the 
compressor, 

Temperature control and measurement.— The bomb was 
placed in a furnace of 3 inches inside diameter and 24 inches 
length. Both ends of the furnace were then stuffed with asbestos 
fiber and magnesium oxide brick. Exploration with a thermo- 
couple at a temperature of 500°C. showed a temperature dif- 
ference within the bomb of about two degrees. This lack of 
uniformity was determined without the water charge, driving 
nut or closure piece to the bomb in place. Under the conditions 
of the experiment the temperature inhomogeneity at 500°C. 
was probably considerably less than 2°C. 

The furnace was thermostatted by means of an alternating 
current bridge and phase-shifting thyratron circuit (Benedict, 
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1937, pp. 252-254). Temperature regulation to within 0.5°C. 
was obtained. 

Temperatures were measured by determining the e.m.f. of a 
90%-platinum 10%-rhodium thermocouple calibrated against 
the boiling points of water and sulphur and the melting points 
of antimony, sodium chloride, copper and gold. The maximum 
deviation of the various thermocouples from Adams’ tables 
relating e.m.f. and temperatures was 1.6°C. Each calibration 
temperature was known to 0.1°C. and the correction curve 
prepared for each thermocouple was probably nowhere in error 
by more than 0.2°C. 

The largest error in the temperature measurements was most 
certainly that due to temperature inhomogeneity in the bomb. 
This error is very difficult to estimate and is, indeed, the larg- 
est source of uncertainty in the final P-v-T values. At the 
lower temperatures it is probable that the temperature meas- 
urements are correct to within less than 1°C. However, at 
1000°C. the temperature uncertainty is probably of the order 
of 2.C. and may be somewhat more. 

Pressure measurement. — A series of gauges was used for 
the pressure measurements. The range from 100 bars to 1400 
bars was covered by two superior Heise 15-inch Bourdon 
gauges, manufactured by the Heise Bourdon Tube Company 
of Newtown, Connecticut. One of these operated to 500 bars 
and the other to 1400 bars. The gauges were calibrated by 
the manufacturer against a dead weight piston gauge. The 
gauge of the lower range had no correction to 500 bars; it 
was graduated at 1% bar intervals and had a maximum hys- 
teresis of less than one scale division. The 1400-bar gauge 
had a correction at 1400 bars of 1.5 bars with no correction 
at 1300 bars or below. This gauge was graduated in 2-bar 
intervals and had a maximum hysteresis of 114 scale divisions. 
Pressures above 1400 bars were determined by measuring the 
change in resistance with pressure of a manganin coil sur- 
rounded by toluene in a copper sylphon. The sylphon is 
enclosed in a steel cartridge which may be directly substituted 
for the Bourdon gauge. By this arrangement pressure could be 
measured with an accuracy of 5 bars. Thanks are owed to 
Professor Francis Birch of Harvard University, who designed 
the maganin coil gauge and assembly and kindly lent it to 
the writer. The maximum uncertainty in pressure ranges, then, 
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from \% bar in the region below 500 bars to 5 bars in the 
pressure region above 1400 bars. 


EXPERIMENTAL METHOD 


The experimental method was that of injecting a known 
quantity of water through a capillary tubing into a thermo- 
statted bomb. In practice it was found convenient to thermostat 
the bomb at some temperature and inject water until some 
high pressure was built up. The piston was then backed off and 
the difference in piston settings gave the volume removed in 
going from one pressure to another. Distortion and volume 
changes of apparatus outside the furnace were accounted for 
by the method described in the calibration of the compressor. 
The volume of the capillary tube extending from valve block 
V. to the bomb was 0.083 ce. and corrections for this were 
made. The volumes of the various bombs used were determined 
at 200°C. and 100 bars by use of the Keyes value for water, 
0.87085 gm./em.° and the number of grams injected by the 
compressor to bring the bomb to this pressure. The entire 


mass of data, therefore, hinges upon the correctness of this 
value 


The volumes of the bombs were checked repeatedly 


throughout the experiments and runs were terminated at the 
pressure and temperature limits where distortion became 
appre ciable. 

Corrections were made for changes in volume of the bomb 
due to thermal expansion and elastic stretch. Both of these 
corrections were computed from thermal expansion data and 
from the elastic constants for the metal of the bomb, kindly 
supplied by Professor Grant. 

Data on the coefficient of linear thermal expansion were 
available for the particular alloy used in construction of the 
bomb up to 980°C. and were extrapolated to 1000°C. At 
this temperature the volume correction due to thermal expan- 
sion from 0 C. was 5.18 .02% of the total volume of the 
bomb. 

The volume corrections due to pressure distortion were cal 
culated from approximate values of Young’s modulus and 
Poisson’s ratio for the alloy. The temperature coefficient for 
these values was unknown but should not greatly affect the 
final results, as the maximum correction for any of the bombs 


amounted to only 0.11% volume increase per 1000 bars 
pressure, 
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EXPERIMENTAL RESULTS 

Two sets of tables are presented here. One set shows the 
specific volumes of water from 200°C. to 1000°C, and from 
100 to 2500 bars pressure. The second set of tables shows the 
density of water over the same pressure and temperature inter- 
vals. Isobaric and isovolumetric curves are shown in figures 3 
and 4. 

The actual experimental work upon which the tables were 
based covered the interval of 200°C. to 600°C. at pressures up 
to 2500 bars. The interval 600°C. to 900°C. was covered for 
the pressure range 100 to 1400 bars and the interval 900°C. 
to 1000°C. was explored for the range 100 to 800 bars. The 
upper working limit in each case was that pressure at which 
permanent deformation of the apparatus took place at a suf- 
ficiently appreciable rate to make precise volume measurements 
impossible. 

The tables at temperatures above 600°C. have been extended 
to pressures somewhat beyond the range of experimental meas- 
urements. The extrapolation has been based on the constancy 


of the value of (0 A, at the elevated temperatures and 
(oT )v 

pressures involved and is believed to be of a high order of 

accuracy. 

The values entered in the lower temperature and pressure 
portion of the tables, those up to 460°C. and 350 bars, have 
been taken from the published data of Keyes and his collabo- 
rators. Throughout the larger portion of this range the 
writer’s data agreed with that of Keyes:to four significant 
figures. The agreement is much less perfect in the region near 
the critical temperature and pressure where measurements are 
difficult because the thermodynamic derivatives undergo large 
changes for only slight changes in T, P, or v. The uncertainties 
in temperature and pressure measurements seem likely to be 
larger in the writer’s set of data than in the data by Keyes; 
consequently, Keyes’ results have been entered for this region. 

As is to be expected, the accuracy of the data presented is 
not uniform throughout the tables. The errors from uncer- 
tainties in the amount of water injected by the compressor and 
from error in determining the volume of the bomb amount to 
about 0.00003 gm./cc. in the final result. Those errors due to 


uncertainties in temperature measurement are considerably 
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greater. A temperature error of 1°C. will introduce an error 
of about .001 gm./cc. at 200°C. and 100 bars, but will intro- 
duce an error of only .00001 gm./cc. at 1000°C. and 100 bars. 
Near the critical region, where derivatives are changing rap- 
idly, an error of 1°C. will introduce an error in the final density 
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result of more than .01 gm./cc. It is therefore manifestly 
impossible to indicate any average error for the tables. 
Throughout most of the table the results are computed to one 
more than the last significant figure. The uncertainties in the 
temperature and pressure measurements have been discussed in 
previous sections of the paper and it is believed that the density 
and specific volume figures are correct to within these limits. 


The only previous body of P-v-T data for water at high 
temperatures and pressures is that of Goranson (1938). Gor- 
anson’s method involved rupture of platinum capsules when 
steam pressure in them exceed an external nitrogen pressure, 
P-v-T relations were derived from knowledge of the initial 
amount of water placed in the capsules, with the assumptions 
that the platinum capsules had low or essentially zero strength 
und that the shape and stretch of the crucible at the time of 
rupture were retained so that the volume capacity of the cap- 
sule could be ascertained after removal from the bomb. It seems 
likely that such assumptions might prove unreliable. The agree- 
ment between the present set of data and Goranson’s data is 
not good. However, the absolute values of the two sets of 
measurements at the highest temperatures are in better agree- 
ment than are the thermodynamic derivatives. The trends of the 


two sets of data are divergent at the highest temperatures and 


pore ssures. 


Certain internal evidence appears in Goranson’s data which 
suggests that they might be in error. Deviations from the 
ideal gas law, Pv = nRT, result largely from mutual attrac- 
tions or repulsions between the gas molecules and from the 
volume of the gas molecules—the ideal equation implies zero 
volume for the pas molecules. These deviations are accounted 
for in a Van der Waals gas by the constants a and b. As 
temperature increases in even a non-ideal gas at constant pres- 
sure the v term becomes larger and the gas will behave more 
and more like an ideal gas. Goranson’s results, however, show 
increasing deviations from ideality as the temperature is 
increased, rather than an approach to ideality. 


The work of Keenan and Keyes shows that the value of 


a constant where v is. the critical volume, 


(OP) 
(OT )y 
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3.1975 cm.*/gm. At values of v larger than the critical volume, 
(oP) 


(aT) has a slight negative temperature coefficient in the 


neighborhood of liquid-vapor saturation curve but rapidly 
approaches a constant value as the temperature of saturation 
is exceeded. For values of v smaller than the critical value, 
(oP) 
(aT)v has a slight positive temperature coefficient but again 
rapidly approaches constancy at pressures and temperatures 
above those of the two-phase boundary. The value of this 
derivative, in the region between 600°C. and 1000°C., showed 
no systematic deviation from constancy for all values of v 
determined in this investigation. At once a means is afforded 
for extrapolating data from the present measurements into 
higher regions of T and P with reasonable assurance of accu- 
racy. Furthermore, it seems probable that all gases should show 
» 

(0 ) for any v except when 
(OT 

close to the saturation curve, and a plot of this derivative may 
afford a ready check of consistency within any body of P-v-T 
data. It is likewise apparent that plots of P versus T at con- 
stant v for a series of v values near the critical volume should 
show essentially straight lines that intersect approximately 
at the critical temperature and pressure, because at the critical 
temperature widely ranging specific volumes show essentially 


an essentially constant value for 


the same pressure (see fig. 4). The value of (0 &, has been 

(oT)v 
evaluated from Goranson’s data for specific volumes ranging 
from 2.3 to 3.5. The value is constant for any v as is to be 
expected, but is much too large as is shown by plots of P versus 
T at v constant. The extrapolated straight-line plots do not 
intersect at approximately the critical temperature and pres- 
sure, but rather, cross the critical isobar at temperatures 
ranging from 470°C. to 500°C. 
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A NEW ARTHRODIRE FROM THE 
NEW YORK STATE DEVONIAN 
ROBERT H. DENISON 
ABSTRACT. The trunk carapace of a new species of arthrodire, 
Phiyctenaspis sherwoodi, is described. Its occurrence in the Late Devonian 
continental sediments near Gilboa, New York, is surprising, since it be- 
longs to the primitive and typically Early Devonian family, Phlyctenas- 
pidae. The suggestion is made that slowly evolving arthrodire stocks per- 


sisted throughout most of the Devonian in a fresh water environment, 
while the main radiation of the order was taking place in the seas 


FTER the death of James Hall, director of the New York 
A State Geological Survey, the Walker Museum of the Uni- 
versity of Chicago acquired a considerable part of his collec 
tion of fossils. In 1947, the few fishes in this collection, to 
gether with the other vertebrate fossils in the Walker Museum, 
were transferred to the Chicago Natural History Museum. 
The arthrodire plates described in this paper were among this 
lot. They were collected in 1880 by Andrew Sherwood, “about 
three miles west of Gilboa, on the road to Stamford, N .Y.” 
The Gilboa of Sherwood’s day is now submerged beneath the 
Schoharie Reservoir; but the locality must have been very near 
the western boundary of the 1903 or 1945 editions of the Gil 
boa quadrangle of the U. S. Geological Survey, and probably 
at an elevation of 1750’ to 1850’. 

The arthrodire plates occur in a greenish-gray or bluish- 
gray sandy shale. The rocks are at least partly continental in 
origin, as shown by the presence of land plants, the fresh 
water clam, Amnigenia, and Holptychius scales. Their age, ac 
cording to G. Arthur Cooper (in litteris, Jan. 31, 1949) is 
probably Geneseo or Sherburne, thus within the Genesee group 
at the base of the Late Devonian. George H. Chadwick (in 
litteris, Jan. 28, 1949) comes to substantially the same con 
clusions regarding the age of the beds at this locality, placing 
them either in the top of the Gilboa formation, or more prob- 
ably at the base of the overlying Onteora red beds. Thus they 
can be no older than the latest Middle Devonian (Tully), and 
are probably at the base of the Late Devonian (Genesee). 
The author visited this region briefly in the company of Dr. 
Chadwick in April, 1949. Although no fish remains were found, 
it was established that rocks of very similar lithology eccur 
in this immediate vicinity, and that the earlier estimates of the 
geologic age were substantially correct. 
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The probable Late Devonian age of this fossil is of con- 
siderable interest, since it belongs quite certainly to Phlycten- 
aspis, & primitive arthrodire of the typically Early Devonian 
family Phlyctenaspidae.' The only certain records of post- 
Early Devonian phlyctenaspids are Buchanosteus from the 
Middle Devonian of Australia, and Actinolepis (including 
Lataspis) from the Middle Devonian of the Baltic states and 
northwestern Russia. In Spitzbergen, Huginaspis occurs in the 
upper part of the Gray Hoek series, of which the age may be 
as late as Middle Devonian. The Late Devonian Grenlandaspis 
may be a specialized phlyctenaspid, but is at present of un- 
certain affinities. The genus Phlyctenaspis itself is known from 
four species in the Coblenzian of Germany, as well as one (P. 
acadica) from New Brunswick. The latter has generally been 
considered to be of Early Devonian age, but is placed by the 
Canadian Geological Survey in the base of the Gaspé sand- 
stone and thus may belong in the Middle Devonian. 

The material upon which this new species is founded con- 
sists of a number of disarticulated plates of the trunk carapace. 
No remains of the cranial shield are known. 


PHLYCTENASPIS SHERWOODI, NEW SPECIES 


Type.—The antero-lateral plate on UF 150 in the Uni- 
versity of Chicago collection at Chicago Natural History 
Museum (plate 1, fig. 1). Since there is no certainty that the 
associated plates on this piece of rock belonged to the same 
individual, the designation applies only to the antero-lateral. 

Occurrence.—Probably from the Late Devonian, base of the 
Onteora formation, about three miles west of Gilboa, New 


York. 


Diagnosis.—-A phlyctenaspid attaining moderate size, char- 
acterized particularly by: (1) its very long and relatively 


1 As here used, the Phlyctenaspidae include the Arctolepidae of Heintz, 
1937, p. 14, and are equivalent to the Dolichothoraci of Stensié, 1944, p. 2. 


2 Fowler (1947, p. 5) proposes to return to the use of Phlyctanius 
Traquair 1890, since according to the rules of zoological nomenclature 
this name is not preoccupied by Phlyctenium Zittel 1878, a Jurassic sponge. 
But because it is recommended that the use of a name differing only in 
termination from another be avoided, and because Phlyctanaspis has en- 
joyed long usage, the latter is here retained. The species is named in honor 
of the discoverer of these specimens, Andrew Sherwood, a collector for 
the New York and Pennsylvania Geological Surveys. 
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narrow MD;* (2) the unreduced plates of the lateral trunk 
shield (ADL, PDL, AL, and presumably PL); (3) the long 
postero-dorsal and antero-ventral processes of AL; (4) the 
elongate, slender, gently curved SP, with heavy recurved barbs 
on the inner margin and small barbs on the outer edge; and 
(5) the relatively fine tubercles on the outer surface, arranged 
more or less concentrically in a linear fashion near the margins 


of the plates (plate 1, fig. 2). 


Fig. 1. A. Postero-median-ventral plate, outer surface. B. Median- 
dorsal plate, inner surface. About size of large individual. a.adl, area that 
overlaps ADL; a.avl, area overlapped by AVL; a.pdl, area that over- 
laps PDL; a.pvl, area overlapped by PVL. 


3 The plates of the trunk carapace will hereafter be designated by ab- 

breviations of their names, as follows: 
ADL—antero-dorso-lateral 
AL—antero-lateral 
AM V—antero-median-ventral 
AVL—antero-ventro-lateral 
IL—intero-lateral 
M D—median-dorsal 
PDL—postero-dorso-lateral 
PL—postero-lateral 
PM V—-postero-median-ventral 
PVL—postero-ventro-lateral 
SP—spinal 
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Median dorsal plate (MD) (text-fig. 1B).—Two examples 
occur in the collection, both of which are preserved largely as 


impressions of the inner side; one is nearly complete, while the 
other is an impression of the posterior half of the plate. Among 
the Phlyctenaspidae, the MD resembles most closely that of 
Phlyctanaspis acadica (Whiteaves) as restored by Heintz 
(1933, text-fig. 3), but is proportionately much longer and 
narrower, exceeding all other members of the family in this 
respect. The anterior half of the plate is narrow with sub- 
parallel sides and a rounded anterior termination, differing 
from the indented anterior end in P. acadica. Near the middle 
of its length the plate widens somewhat, continuing posteriorly 
with sub-parallel sides until it tapers to a posterior point. The 
MD is only moderately arched and lacks a distinct median 
ridge externally or internally. The large areas by which the 
MD overlaps the PDL’s are shown on UF 159, while the over- 
lap areas for the ADL’s are seen on UF 157 to reach nearly 
to the midline. 

The total length of MD on UF 157 is estimated to be 112 
mm., and its maximum width in the posterior part is about 30 
mm. The MD on UF 159 is smaller, having a maximum width 
posteriorly of 26 mm. 

Antero-dorso-lateral plate (ADL) (text-fig. 2).—Three 
examples of this plate are present. On UF 157 is an imperfect 
impression of the inner side of the plate; on UF 149 are good 
impressions of both the inner and outer sides in counterpart, 


PLATE 1. 

Fig. 1. Type of Phlyctanaspie sherwoodi. UF 150 in Chicago Natural 
History Museum, x 5/2; largely an impression of the inner surface of the 
left AL, but showing some of the tuberculated outer surface in the postero- 
dorsal corner 

Fig. 2. PMV of P. sherwoodi, UF 157, x 2, showing the character of 
the tuberculation of the outer surface 


PLATE 2. 
Restoration of the trunk shield of P. sherwoodi; the size is about that 
moderately small individual 
| Dorsal view 


2. Obliquely anterior view 


PLATE 8 
of the trunk shield of P. sherwoodi; the size is about that 
ely small individual 
entral view 


’ostero-lateral view 


Restoration 
of moder 
rig. \ 
rig. 2. 
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while UF 151 shows an impression of the dorsal half of the 
outer side. These specimens vary considerably in size, the 


largest, UF 157, having an estimated length of 55 mm., while 
the smallest, UF 149, is only 21 mm. long. Since there are no 
apparent differences except in size, it is assumed that all three 
specimens belong to the same species. The plate agrees in 
general characteristics with that of Phlyctanaspis acadica, 
but is relatively longer and less deep dorso-ventrally. The 
narrower proportions are to be taken as an indication that the 

a.md 

/ 


A 


Fig. 2. Right antero-dorso-lateral plate. A. Outer surface. B. Inner 
surface, About size of large individual. a.al, area overlapped by AI; a.md, 
area overlapped by MD; a.pdl, area that overlaps PDL; ed, condylar 
process for paranuchal plate of cranial roof; dpr, descending process that 
lies inside anterior edge of AL; If, longitudinal fold; Il, main lateral 
line canal. 
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trunk shield was broader and flatter than in the latter species. 

The posterior edge, which overlaps the PDL, is relatively 
straight, lacking the prominent projecting angle present in 
P. acadica. The areas overlapped by MD and AL, and the 
area that overlaps PDL, are large and agree in most respects 
with those of P. acadica. The plate is usually flattened in 
preservation, but must have been bent at the line where a well- 
marked ridge runs antero-posteriorly (text-fig. 2A, If); this 
ridge is reflected on the inner side of the plate as a longitudinal 
depression. Below this ridge on the external surface is a deep 
groove for the lateral line canal, starting just under the ridge 
anteriorly, and passing postero-ventrally, obliquely to the 
ridge. The anterior edge of the ADL is non-tuberculated and 
turned somewhat medially. Just above the lateral ridge and 


the lateral canal, it is swollen into a simple projecting condyle 


for the cranial roof. The anterior edge continues ventrally 


into a long, stout process which must have fitted into the 
groove near the anterior edge of the inner surface of the AL. 
Postero-dorso-lateral plate (PDL) (text-fig. 3). Two 
specimens of the PDL are available. UF 155 preserves an im- 
pression of the outer side lacking the postero-ventral corner, 
and in its counterpart an impression of the inner surface lack- 
ing the postero-dorsal corner; its maximum length is 29 mm. 
UF 158 shows a much smaller plate, for the most part pre- 


Right postero-dorso-lateral plate. A. Outer surface. B. Inner 
About size of large individual. a.adl, area overlapped by ADL; 
ual, area overlapped by AL; a.md, area overlapped by MD; a.pl, area 
overlapped by PL; ll, main lateral line canal; pe, posterior rim; ve, 


ventral edge 
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served as an impression of the inner side, and having a length 
of only 18 mm. In its proportions the PDL agrees very closely 
with that of Phlyctanaspis heintzi (Gross) and is slightly 
longer and narrower than in P. acadica. It is typical of the 
Phlyctenaspidae in showing no sign of the reduction pos- 
teriorly that is characteristic of most Middle and Late 
Devonian arthrodires. The PDL is overlapped by the four 
adjacent plates: the overlap area for MD is large; that for 
ADL agrees with P. heimtzi (and is not indented posteriorly 
as in P. acadica where the posterior edge of ADL projects as 
an obtuse angle); the overlap area for AL is only partly 
known, and that for PL is not preserved, but both have been 
restored with some confidence that they are similar to those 
in P. heintzi and P. acadica, The outer exposed surface of PDL 
is marked by a groove for the lateral line canal, a continuation 
of that on ADL, and by a number of indistinct ridges radiat- 
ing from an area in the posterior half of the plate. As pre- 
served, the PDL is flattened, but must have been bent, as was 
the ADL, along a longitudinal line at about the middle of the 
plate. The inner surface (text-fig. 3B) shows a distinct ridge 
reflecting the lateral line canal, a faintly marked dorso- 
ventrally directed swelling in the posterior half, and a posterior 
slightly swollen rim. 

Antero-lateral plate (AL) (text-fig. 4; plate 1, fig. 1). 
Six antero-lateral plates are preserved, and although none is 
entire, together they allow a complete restoration of both the 
inner and outer surfaces. There are considerable differences in 
size, the largest, UF 157, having a minimum length through 
the center of the plate of 46 mm., while the corresponding 
measurement on the smallest plate, UF 158, is only 20 mm. 
In general form the plate agrees most closely with that of P. 
heintzi. As with the other plates on the side of the trunk shield, 
the AL is relatively long and not particularly deep, an indica- 
tion of a rather elongate and flat trunk shield. The center of 
ossification, somewhat in front of the center of the plate, is a 
projection from which ridges radiate to the four corners of the 
plate. Those to the postero-dorsal and antero-ventral corners 
are strongly developed, while those to the other corners are ill 
defined. As Heintz (1933, p. 137) has pointed out, these 
ridges are characteristic of primitive arthrodires. The postero- 
dorsal corner of the AL is extended into a prominent process 
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overlapping the PDL and PL; this process is more extended 


than in P. heintzi, much more so than in other species of 
Phiyctanaspis, and approaches the condition found in Arcto- 
lepis. The postero-ventral corner of the plate is extended into 
a long, slender process which lies on the dorsal surface of the 


spine. The antero-ventral corner of the plate forms a blunt, 


intero-lateral plate. A. Outer surface. B. Inner surface. 

ge individual. a.adl, area that overlaps ADL; a.adl,, area 

; descending process of ADL; a.pdl, area that overlaps PDL; 
iy usp, area that overlaps SP; atr., anterior tri- 
posterior edge that meets AVL; pr.il, antero- 

pr.pd, postero-dorsal process; pr.sp, postero ventral 
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downturned process that must have curved inward over the 
front of the spine to meet the IL (text-fig. 4, pr. il). 

The ridges from the center of ossification to the corners 
divide the plate into triangles. The posterior triangle has a 
distinctly concave surface, bounded posteriorly by a broadly 
curving edge that matches the curvature of the corresponding 
edge of the underlying AVL. The problem of whether this edge 
is actually in contact with the AVL throughout its length is 
an interesting and important one, since it is here that a mobile 
pectoral fin would be developed if present. Heintz (1931, pp. 
304,305 ; 1933, pp. 140-141; 1938, pp. 23-24), Watson (1934, 
p. 446) and Westoll (1945, p. 384) have discussed this prob- 
lem. It is clear that the AVL and AL were in complete con- 
tact along this edge in the Spitzbergen Phyctwenaspidae. It is 
also clear that there was a “pectoral fenestra” (Stensié, 1944, 
p. 16) developed between these plates to receive the pectoral 
fin in Coccosteus decipiens, Dinichthys, Rachiosteus, and in 
other Late Devonian arthrodires. The situation in Phlyctan 
aspis is not certain, although Stensié (ibid., fig. 17) indicates 
that a pectoral fenestra was developed in the related genus, 
Kujdanowias pis. As will be shown below, attempts at recon 
structing the trunk carapace of P. sherwoodi indicate that the 
AL and AVL were separated by a gap medially in this species 
(plate 3, fig. 2). 

The ventral triangle of the AL is rather flat. Its very long 
ventral edge shows on the inner surface an elongate narrow 
area which overlapped the spine; presumably there was no 
direct contact with the AVL on this edge. The dorsal triangle 
is gently convex, and is not sharply marked off from the an 
terior triangle. The latter, which corresponds to what Heints 
(1932, p. 168) has called the “inner wing” in other arthrodires 
bends only gently inwards (text-fig. 4A atr), and is completely 
covered with tubercles, as in P. heintzi and P. pusilla; in P. 
acadica the inner wing is more distinct due to its greater 
angulation with the rest of the plate, a character in which it 
can be considered more advanced than P. sherwoodi, as shown 
by Heintz (1933, pp. 137-138). 

The inner surface of AL reflects the form of the outer sur- 
face, showing grooves to correspond to the ridges of the ex- 
ternal face. A well-marked ridge extends from just above the 
center of ossification to the anterior edge of the antero-ventral 
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process. The areas that overlap the ADL, PDL, and PL, are 
as shown in text-figure 4B, except that the line between the 
latter two is not clearly indicated on the available specimens. 
The dorsal half of the anterior edge of the inner surface is 
depressed to receive the antero-ventral process of the ADL. 


j 
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Spinal plate. B. Right antero-ventro-lateral plate, inner 

C. Right postero-ventro-lateral plate, inner surface. About size 

ndividual. a.amy, area that overlaps AMV; a.il, area that over- 

ipl, area that overlaps PL; a.pmv, area that overlaps PMV; 

i.pvl, area that overlaps PVL; a.sp, area that overlaps SP; e.al, posterior 

edge that meets AL; e.pvl, edge overlapped by left PVL; mb, barbs on 
medial edge of SP; pr.sp, postero-lateral process for SP. 
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Postero-lateral plate (PL).—-No remains have been identified 
as belonging to this plate, but the fact that the PDL was not 
reduced posteriorly indicates quite certainly that the PL was 
also well developed. The extent of the area on PDL overlapped 
by PL is not known, but there is an indication of a small area 
on AL that must overlap the anterior end of PL, and there 
is a long area on PVL to overlap the ventral edge of PL. It 
may be assumed that the PL was a long, narrow plate such 
as was present in P. heintzi (Gross, 1938, text-fig. LA) or in 
P. acadica (Heintz, 1933, text-fig. 3). 

Antero-ventro-lateral plate (AVL) (text-fig. 5B).—The 
three specimens of this plate furnish information only about 
the inner surface; none is entire, but together they are suf- 
ficient to reveal the complete outline. The maximum width, 
measured at right angles to the spinal edge, is 35 mm. in UF 
149, is estimated to be 25 mm. in UF 153, and is nearly 34 mm. 
in UF 157. The AVL, which shares the support of the spine 
with the AL, is similarly constructed to the latter. The center 
of ossification near the center of the plate is a projection ex 
ternally from which ridges radiate to the corners, dividing 
the surface into four triangular areas. The posterior triangle 
has a concave external surface and a deeply incurved pos- 
terior edge, matching the corresponding edge of the AL, which 
it probably meets only laterally. The other triangular areas 
are nearly flat. The AVL of Phlyctanaspis sherwoodi is typical 
of the family, although it differs in detail from that of other 
members. The spinal edge is extremely long with a narrow 
roughened surface internally for overlap of the spine, resemb 
ling the corresponding surface on the AL. The postero-medial 
process, which overlaps the PVL, is relatively short, extending 
posteriorly very little behind the posterior process for the 
spine. Among primitive arthrodires a comparable condition 
is found only in Phlyctenaspis heintzi and in some Spitzbergen 
Phlyctanaspidae; in other members of the family, the spinal 
edge is considerably shortened and the postero-medial process 
is relatively longer, forecasting the condition in the Coc- 
costeidae and many more specialized arthrodires. The anterior 
edge of the AVL, which overlaps the lateral half of the IL, is 
unusually short in P. sherwoodi, while the antero-medial edge 
for the AMV is convex and unusually long. The areas by which 
the AVL overlaps adjacent plates are shown on text-figure 5B 
as exactly as they could be determined. 


576 Robert H. Denison 


Postero-ventro-lateral plate (PVL) (text-fig. 5C).—Th« 
collection contains three specimens of this plate. UF 150, with 
a length of 37 mm., is an impression of the inner side of a right 
PVL; UF 152, largely an impression of the inner side of a left 
PVL, has an estimated total length of 37 mm.; UF 156, be 
longing to the right side, is 54 mm. long; it is preserved in 
counterpart, largely of the inside, but showing a part of the 
outside of the plate. Although generally flattened in preserva 
tion, a large antero-lateral wing of the PVL was curved sharply 
upwards to overlap the lower edge of the PL. This wing, which 
is over half the length of the plate in P. sherwoodi and in other 
Phivetenaspidae, is generally shortened and reduced, or absent, 
in Middle and Late Devonian arthrodires. The presence of a 
long sutural surface on the inner side of the dorsal edge of this 
wing is a clear indication of the presence of an elongate, un 
reduced PL in this species. 

The part of the PVL belonging to the ventral shield is 
nearly flat. As Gross (1937, p. 24) has emphasized, the left 
PVL always overlaps the right one in arthrodires, so that the 
shape of the two is different, the left having a broader ventral 
lamina. The figure of P. acadica given by Heintz (1933, text 
fig. 6) is incorrect in this respect. 

The PVL of P. sherwoodi agrees quite well with that of P. 
acadica but is relatively longer and more slender, especially 
in the posterior part of the ventral lamina behind the lateral 
wing. 

Postero-median-ventral plate (PMV) (text-fig. 1A; plate 1, 
fig. 2)..-T'wo specimens of this plate are available, UF 157, 
with a total length of 46 mm., exhibiting the outer surface, 
and UF 158, 34 mm. long, showing the inner surface. The PMV 

i flat plate, with a characterless inner surface, and with the 
surface marked particularly by the areas overlapped 
by the adjacent PVL’s and AVI’s. It agrees closely with the 
PMY of P. acadica (Heintz, 1933, text-fig. 6) and even better 
with that of Prosphymaspis constricta (Gross, 1937, text 
fig. 12d). 

Spinal plate (SP) (text-fig. 5A).—Remains of five spinal 
plates are preserved, the best of which occurs on UF 157. 
None of them is complete, but indicate that P. sherwoodi had 


i very long slender, gently curved SP. Its size relative to that 


outer 
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of the rest of the plates is not known due to the fact there is no 
certain association of plates of the same individual, and also 
because of the incomplete preservation of the proximal end 
which attaches to the AL and AVL. It is probable, however, 
that the relative length of SP and its general proportions were 
similar to those of Phlyctenaspis heintzi (see Heintz, 1937, 
text-fig. 3c), and it was certainly much longer and more slender 
than in P. acadica, The inner margin, anterior as far as the 
attachment of the AL and AVL, is set with a number of well 
spaced, stout, slightly recurved barbs, and there are numerous, 
smaller, more closely spaced barbs on the outer margin. 

The nature of the attachment of the SP to the AL and AVL 
is not entirely clear, but it seems quite certain that the ventral 
edge of AL and the lateral edge of AVL did not meet each 
other as stated by Heintz (1933, p. 140). It is more probable 
that the AL attached to the medio-dorsal edge of SP, that the 
AVL attached to the medio-ventral edge of SP, and that the 
three plates were firmly united by the endoskeletal shoulder 
girdle (“‘prespinal lamella”) of which there is no trace in this 
species. Of the surfaces of attachment on the SP, nothing is 
preserved in the available material except for a notch on the 
medial surface for the pointed posterior process of the AL 
or AVL. 

Antero-median-ventral plate (AMV) and Intero-lateral plate 
(IL.).—Neither of these plates has been recognized in the 
collection. 


RESTORATION OF THE TRUNK CARAPACE 

To one who has not made a special study of the group, the 
individual plates of the arthrodire exoskeleton have little 
meaning. Therefore it was considered worthwhile to attempt 
a reconstruction of the trunk carapace of Phlyctanaspis sher- 
woodi. The restoration proved to be difficult because there was 
no certain association of plates of any one individual, and also 
because of the wide range of size exhibited by the various 
plates. The procedure followed was to enlarge photographs of 
individual plates to fit adjacent plates of the arbitrary model 
size. The contours and particularly the extent of the sutural 
overlaps were useful in determining relative plate sizes. Com 
posite outline drawings of the flattened plates were traced onto 
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perforated sheet lead, cut out, shaped in the third dimension, 
and assembled. 

The relative sizes of the plates could be determined with con- 
siderable certainty for the most part. In the case of the PVL, 
the area overlapped by the AVL is so small and indistinct on 
the available specimens, that the posterior contour of the 
lateral shield had to be relied on as an indication of the length 
of the lateral wing of the PVL. There is no information as to 
the relative size of the SP, though it was clearly long, as its 
slender proportions indicate; it has been restored to resemble 
the spines of Phlyctanaspis heintzi, Kujdanowiaspis podolica 
and Arctolepis decipiens. The PL, as is pointed out above, is 
not represented in the collection, but must have been long and 
well developed judging from the direction of the posterior con- 
tour of the PDL, and the long area of overlap on the PVL. 
Its depth is problematical, but is restored in the model to be 
about the same as in P. acadica. The AMV and IL, which 
are not known, have been restored to fit the anterior and 
antero-medial outline of the AVL’s using P. acadica as a guide. 

During and after assembly it was found that there was 
little possibility of altering the general shape of the model. This 


is taken to mean that the model gives a reasonably certain rep- 
resentation of the shape of the thoracic shield, within the 
limits of error of the original drawings of individual plates. 
Of course, the shape of AMV and IL are hypothetical, and 
the relative size of the PL, PVL, and SP may not have been 
exactly as shown. The interesting problem of the pectoral 


fenestra was studied during the process of reconstruction. It 
was found that the AL and AVL may have been in contact 
along the lateral half of their posterior edge, but could not 
have met more medially; thus a pectoral fenestra must have 
been present in P. sherwoodi (plate 3, fig. 2). The size of the 
fenestra could have been determined more accurately if the 
PL had been known. 

The resulting restoration (plates 2, 3) resembles the trunk 
carapace of Phlyctanaspis acadica (see Heintz, 1933, text-fig. 
5) in general features, but indicates that P. sherwoodi had a 
distinctly longer and flatter shield. Its general proportions are 
not unlike those of Arctolepis decipiens (see Heintz, 1929, 
text-figs. 8, 9), one of the earliest of the Arthrodira. 
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DISCUSSION 

Phlyctanaspis sherwoodi is clearly an unspecialized mem- 
ber of the Phlyctewnaspidae as far as its trunk shield is con- 
cerned. It shows no tendencies towards the usual specializations 
of Middle and Late Devonian arthrodires, such as are exhibited 
by the contemporaneous Coccosteidae. The SP is unshortened, 
and the lateral wall of the trunk shield is not reduced pos 
teriorly, retaining a wide contact with the ventral shield. The 
four ridges bracing the AL are characteristic of primitive 
Arthrodira, as is the absence of a keel on the MD. Judging by 
the presence of an elongate SP, it is probable that no mobile 
pectoral fin had been developed medial to it, in spite of the 
presence of a small pectoral fenestra. 

The occurrence of such a primitive arthrodire in Late 
Devonian deposits is of great interest both from a phylogenetic 
and a stratigraphic point of view. The known history of 
arthrodires suggests that the order was originally a fresh 
water group, but that during the Early and Middle Devonian 
its members gradually moved into the seas. Finally in the Late 
Devonian it reached its climax in a marine environment, where 
a great variety of genera has been found, many of them highly 
specialized. In spite of this general trend within the arthro- 
dires, a few of them continued to live in fresh water, and it is 
significant that for the most part these represent persistently 
primitive or at least slowly evolving lines. Among the few 
arthrodires that retained the primitive characteristics of the 
family Phlyctenaspidae after the close of the Early Devonian, 
the majority are found in continental deposits; these species 
are Phlyctanaspis acadica and Actinolepis tuberculata of the 
Middle Devonian, also P. sherwoodi and Grenlandaspis mira 
bilis of the Late Devonian. The Australian Buchanosteus os- 
seus is the only phlyctenaspid reported from post-Early 
Devonian marine formations. Coccosteus, while advanced be- 
yond the primitive phlyctenaspid organization, is still a long 
way from its specialized Late Devonian descendants, such as 
Dinichthys. Its presence in continental deposits until the 
Late Devonian supports the view that evolution was slower 
in this environment among the arthrodires. This point has 
considerable importance in stratigraphic studies of continental 
Devonian deposits where, in the absence of many invertebrates, 
reliance must be placed very commonly on fishes. 
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A NOTE ON THE AGE OF THE 
TRUCKEE FORMATION 
J. R. MACDONALD 


RECENT paper by Yen (1950) in this Journat has 

thrown additional light on the age of the Truckee forma- 
tion. His determination of a Pliocene age for these beds is 
substantiated by recently discovered vertebrate evidence. As a 
supplement to Dr. Yen’s interesting paper the following note is 
submitted. 

Since its description by King (1878, pp. 109-115) nearly 
seventy-five years ago, there has been constant speculation 
on the age of the Truckee formation. King determined the 
age of these beds to be Miocene on the basis of a rhinoceros 
tooth and a collection of fresh water mollusks. This material 
was collected near the type locality in the Kawsoh, now Hot 
Springs, Mountains in Churchill County, Nevada, 

Buwalda (1914) described a fragmentary gomphotheriid 
tooth from beds assigned to this formation from a locality 
near Verdi, Nevada. He reviewed the literature on the Truckee 
formation and decided that the beds were either Middle or 
Upper Miocene in age. The presence of the proboscidean tooth 
was the basis for his decision on the lower limit of the forma 
tion’s age. The upper limit was based on his estimate of the 
time required for the completion of the diastrophism, vulcanism 
and erosion that occurred in post-Truckee times. 

Buwalda then correlated these beds with the Esmeralda 
formation in the Fish Lake Valley region. It was not known at 
that time that the Esmeralda formation contained two distinct 
faunas. One is the Stewart Spring fauna, composed of re 
worked Miocene remains, and the other, the Fish Lake Valley 
fauna, which is composed of Lower Pliocene forms. This sepa 
ration was established by Stirton in 19382. 

In his review of the Miocene and Pliocene faunas of Nevada, 
Stirton (1939a) pointed out that the tooth described by 
Buwalda closely resembled ?Trilophodon simpsoni Stirton 
(1939b) from the Lower Phocene of the San Francisco Bay 


region. He further stated that a fragmentary horse metacarpal 
from the Truckee beds near Hazen, Nevada, indicated a Lower 
or Middle Pliocene state of development. 

In 1948, a field party from the University of California was 
fortunate enough to collect a large mammalian fauna from the 
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Truckee formation just ten miles north of U. S. Highway 40 
on the Brady Hot Springs-Nightingale Road. The presence of 
fossil bones at this locality was reported by Mr. R. E. Brady 
to Dr. V. P. Gianella at the University of Nevada. This local- 
ity, which has been designated as the Brady Pocket (Mac- 
donald, in press), contains an unusually large concentration of 
fossilized remains in contrast to the usual situation in Tertiary 
deposits in this region. 

Of primary importance is the presence of a number of 
Eucastor lecontei (Merriam) teeth and a maxillary of Osteo- 
borus diabloensis Richey. These species are typical of the Clar- 
endonian Black Hawk Ranch fauna (Stirton, 1939b; Richey, 
1938, 1948; Macdonald, 1948) and indicate a late Lower 
Pliocene age for this assemblage. 


The correlation of Nevada Tertiary deposits is extremely 


complicated by the rapid lateral changes in lithology, the 
heavy blanket of pediments, the discontinuity of formations 
caused by the basin-range faulting, and the paucity of fossil 
remains. It is therefore entirely possible that the Truckee 
formation may transgress several temporal boundaries, and 
that the exposures from which identifiable fossils have been 
collected are of different ages. Plant and animal remains have 
been recorded from the type locality in the Hot Springs Moun- 
tains, Hazen, Verdi and from the Brady Pocket. Each of these 
occurrences may represent a slightly different portion of geo- 
logic time. But, in spite of this possibility, it seems best that we 
date the formation on the basis of the most positive evidence 


and designate it as late Clarendonian in age. 
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REVIEWS 
Worlds in Collision; by IMmManvet Vetikovsky. Pp. xiv, 401. New 
York, 1950 (The Macmillan Company,’ $4.50).—The publishing 
company sent to this Jovrnar a copy of Velikovsky'’s book, with a 
request that we review it, presumably after full scientific appraisal 
such as our reviewers are accustomed to give. Since the author's 
thesis, that a great comet made two close contacts with Earth about 
1500 3B.C., purports to rest on human records, students of ancient 
history and of prehistory are required, in addition to scientists, for 
t fair appraisal 
Dr. K. S. Latourette, Professor of Missions and Oriental History 
at Yale University, comments as follows: 

In his preface the author rightly declares that ‘laws must con 
form with historical facts, not facts with laws.’ When this test is 
applied his startling conclusions fare badly. He has combed an amaz- 
ing range of historical records for evidence to corroborate his 
thesis. However, he has failed to apply to these records the princi 
ples for determining what truth lies back of them—principles which 
competent historians have learned to regard as the elementary and 
essential tools of their craft. For China, on whose voluminous litera- 
ture he rests much of his case, he is quite unaware of the findings of 
recent scholarship ind depends chiefly upon Occidental authors 
who, although eminent in their day, have now been largely super 
seded. He makes frequent, and in one place, extended mention of 


the Emperor Yao (whom he generally calls Yahou), treating him 


is historical and the accounts of him as authentic, whereas no 
presentday expert in Chinese history would accept without question 
what has come down to us about him, and most of them would either 
doubt whether he ever lived or would declare that we can say nothing 
about him with assurance. To take another example of many that 
might be cited, in the account of the happenings on Mt. Sinai dur- 
ing the Exodus, quotations are brought together from authors of a 
number of different centuries, usually with no effort to determine 
whether the events they are said to describe can be shown to belong 
to the same period, and with no apparent attempt to evaluate the 
writers accuracy 
Velikovsky gives prominent place to his interpretation of records 
concerning ancient America. Dr. George Kubler, Professor of the 
History of Art at Yale and a recognized student of Mesoamerican 
civilization, gives the following analysis: 
he postulates are as follows. A comet appeared between 2000 
1000 B.C., and ‘twice made contact with the earth’ in mid 
it an interval of 52 years. The same comet assumed 


bit as the planet Venus between the tenth and eighth 


n hands of The Doubled iy Co 
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centuries B.C. Great disturbances in the earth and its atmosphere 
occurred in both epochs, In the eighth century B.C., the calendars 
of the peoples of the world were reformed to match the changed 
length of the solar year, which was but 360 days between 1500 B.C. 
and the eighth century. The nature of the great disturbances were 
recorded by witnesses and transmitted to posterity in many forms of 
writing and storytelling. 

“Ancient American sources, and sources about ancient Americans, 
are used by the author as essential proofs of the global character 
of the events, and of the interval between ‘contacts’ ca. 1500 B.C. 
The 52-year Mesoamerican cycle is taken as an historical survival of 
the terrors experienced between the two ‘contacts’ of the Venus- 
comet with earth. The Old Testament does not give the author an 
accurate measure of the interval; the Mesoamerican 52-year cycle 
serves this purpose. The 52-year cycle of the Mayas and Mexicans 
consisted of 18,980 days, or 52 periods of 365 days. But the 52-year 
interval, by hypothesis, originated before the solar year settled down 
to its present length, so that the Mexicans and Mayas ca. 1500 B.C. 
are now proved to have had proleptic knowledge of the state the 
solar system was to assume after the eighth century B.C.! 

“Similarly, the author lays great value upon the Mexican New 
Year date as February 26, Old Style. His source here is a Jesuit, 
Father Acosta, who wrote ca. 1589. Acosta’s source in turn was 
Juan de Tovar, writing ca. 1585. These two writers stand alone in 
saying that the Mexican year began on February 26. The list below 
gives other New Year days for the Mexican calendar from equally 
reputable sources. 


February 1 (Sahagun, Torquemada) 
(Sahagun, Hernandez) 
(Codices Telleriano-Remensis; Vaticanus 8738) 
(Tovar, Acosta) 
(Pedro de San Buenaventura) 

March ( Motolinia) 
2 (Guevara) 
10 (Serna, Leon) 
20 (Ixtlilxochitl, Duran) 


The Maya New Year Day, according to Landa, fell on July 16. 
Other dates as well are suggested by the sources: July 13 and July 
15. Many isolated communities in Mesoamerica today still retain the 
ancient year of nineteen months. December, January, and May are 
all actual New Year months, and probably go back to ancient ob 
servances, of which the origin relates to climatic and hydrographic 
conditions in a given area. 
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‘To return to the 52-year cycle—its period of 18,980 days 
arises from the combination of two smaller cycles. The first is a 
ritual calendar of 260 days formed of 20 day names and a ‘week’ 
of 18 numbered positions. The second is the year of 365 days, divided 
in 18 months of 20 days each, plus a nineteenth month of 5 days. 
No day and month name with stated coefhicients can therefore recur 
for 18,980 days, since the least common multiple of 260 and 365 
is 5 x 52 x 73. Morley assigns the invention of this calendar, on 
internal evidence, to a date not earlier than the fourth century B.C. 
The 52-year calendar originated by arithmetical requirements ; there 
is no evidence that the 52-year period commemorates anything. 

A glance at the present state of archaeological knowledge about 
early American peoples will be useful. In 1500 B.C. the American 
Indians everywhere were engaged in the invention of agriculture 
and in early village life. There was no writing, no exact calendar, 
and no social organization beyond village life. Conditions in the 
eighth century were little different. The Mesoamerican cosmology 
to which Velikovsky repeatedly appeals for proof did not originate 
and could not originate until the beginning of our era. Velikovsky 
alludes to ‘“Toltec-Aztec’ wars as possibly occurring ‘before the 
present era.’ Historically, Toltee is to Aztec approximately as 
Republican Rome is to Byzantium. Toltec remains in Mexico and 
the Maya area are now dated before 1260 A.D. Aztec civilization 
is now dated after 1360 A.D.” 

Since the astronomer is entitled to a hearing in cosmic matters, we 
turn now to the reactions of Professor Rupert Wildt, of the Yale 
Observatory : 

‘By a merciful ordination of the economic system under which 
we live, the host of amateur cosmologists seldom command the means 
of bringing their speculations before the eyes and ears of the world. 
The author of the book under review has scored over his brethren 
in two respects. He has found a publisher eager to promote the 
sale of his opus by the sort of publicity commonly reserved for the 
more florid contemporary fiction. But his real coup had been to 
launch in the Seripta Academica Hierosolymitana a kind of Pro- 
leqomena bearing the quaint title of ‘Cosmos without Gravitation’ 

New York—Jerusalem, 1946). This pamphlet, termed a Scientific 
Report, looked rather odd in a series of publications to which Al- 


bert Einstein and other eminent mathematicians and physicists had 
contributed. There and then Velikovsky criticized Newtonian 
mechanics with an incredible naiveté, pronounced it to be a failure, 
ind offered equally naive suggestions how to construct an electro- 
« theory of gravitation. A measure of Velikovsky as a 

f the physical sciences may be gained by pondering his 
ybservation that ‘clouds and mist are composed of droplets 
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which defy gravitation’ (Cosmos without Gravitation, p. 4). His 
budget of gravitational paradoxes contains twenty-four more items, 
many of which reveal a similar degree of penetration into the myster- 
ies of terrestrial and cosmic physics. Velikovsky's fellow contributors 
to the Scripta Academica seem to have resigned themselves to his 
company. At any rate, there is no indication that they took any 
notice of him. 

“No useful purpose would be served by summarizing here Veli- 
kovsky s ‘evidence’ for the series of cosmic catastrophes that he 
supposes to have occurred between 1500 and 700 B.C. The crucial 
point is that Velikovsky, in effect, repudiates his earlier rejection of 
Newton: ‘The theory of cosmic catastrophism can, if required to do 
so, conform with the celestial mechanics of Newton’ (Worlds in 
Collision, p. 384). But the readers of the book are spared the realiza- 
tion that its author ever professed belief in what he called ‘the 
empiric evidences of the fallacy of the law of gravitation’ (Cosmos 
without Gravitation, p. 11). We look in vain for an explanation of 
what possessed the man between 1946 and 1950 and cannot help 
wondering—is this a case of individual amnesia overtaking the au- 
thor, or does he have so little respect for scientific critics as to rely 
on their collective amnesia? Let us take the charitable view and as- 
sume that he is so fascinated by his visions of cosmic catastrophes 
as to have lost sight of everything else: he is even ready to rein- 
state Newton! But then he must bow to the verdict of celestial 
mechanics, namely that his 1950 claim quoted before is demon- 
strably wrong; for astronomers can trace back the planetary orbits 
for hundreds of thousands of years, and there is no evidence what- 
ever of a close encounter of the Earth with either Mars or Venus, 
as postulated by Velikovsky. Moreover, his idea of a physical 
similarity of the massive planet Venus with such an ‘airy nothing’ 
as a comet is simply absurd; even the most massive of comets 
amounts to less than one-millionth of the mass of Venus. 

“To sum up, modern celestial mechanics does not offer any sup- 
port to Velikovsky’s speculations on cosmic catastrophes. Certain 
subsidiary arguments, which he culled from astronomical texts of 
Mesopotamia and Egypt, can be left to the historians of science to 
deal with. Conspicuous by its absence from the book that parades 
so much learning is the name of the greatest living authority on 
Babylonian and Egyptian astronomy, Professor O. Neugebauer, of 
Brown University.” 

In common with other scientists who may have examined the 
book, the geologist is both amused and appalled by the ideas and 
the methods of Dr. Velikovsky. Two examples will serve as a 
measure of his competence in geologic matters. 

In discussing the origin of petroleum he lists two theories—the 
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inorganic and the organic—but does not go on to inform the reader 
that to modern students of the subject the inorganic theory has 
historical interest only. An immense accumulation of factual evi- 
dence, won from intensive studies of oil fields throughout the world, 
of sediments now accumulating under diverse conditions, and of the 
chemistry of organic materials, indicates convincingly that oil and 
natural gas have been distilled slowly, during the long history of 
the Earth, from remains of plants and animals deposited with muds 
and oozes, chiefly on ancient sea floors. Velikovsky, either in com- 
plete ignorance or with cavalier disregard of all evidence, blandly 
states that the elements carbon and hydrogen in the tail of his 
comet combined and rained down on the Earth within human history, 
to form our present wealth of petroleum. A single elementary con- 
sideration reveals the utter absurdity of this suggestion. Because oil 
is much lighter than water, oil accumulations can exist underground 
only in natural “traps” that are covered by layers of impervious 
rock material such as clay or claystone. Probably Velikovsky 
would see no problem in having his rain of oil from the comet per- 
colate thousands of feet deep into bedrock, against the resistance of 
ground water and through layers so impenetrable that they now 
restrain the oil from rising again. Perhaps the laws of permeation, 
like the laws of gravitation and of mechanics in general, were 
somehow suspended while the comic bodies disported themselves ! 
Velikovsky raises anew the matter of “erratic blocks’’—masses of 
rock that clearly have been displaced through distances of tens or 
even hundreds of miles from the localities of their origin. No prob- 
lem that has confronted geologists seems to be more convincingly 
solved than this one. The “‘erratics’’ occur only in areas that are 
known, on independent evidence, to have been covered with glacier 
ice in the geologic past. Study of existing glaciers—in high moun 
tains, in Greenland, in Antarctica—demonstrates that ice is now 
transporting masses of rock that are in every way comparable to 
the older “erratics.’’ Every essential link from effect to cause has 
been adequately supplied, in the judgment of informed students. 
But the author of Worlds in Collision finds of no account the mass 
of evidence accumulated through more than a century of scientific 
effort. He wants the “erratics’’ as witnesses to a gigantic tide that 
swept the lands during his cosmic catastrophe. How the effective 
tide was restricted to those land areas that now preserve clear 
marks of former glaciation he does not offer to explain. Without 
hesitation he sweeps into discard the results of critical research 


during several generations, and then, unhampered by any em- 


barrassing facts, he rushes in with his own grandiose speculation. 
All but Vel kovsky are out of step! 
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And why, readers may well ask, should a scientific journal give the 
least attention to such patent nonsense? Frankly, our chief concern 
is to focus attention on the publisher, rather than on the book or 
the author. But doesn't a publishing house have the right to print 
any kind of literature that comes within legal bounds? Yes, so 
long as the literature is represented for what it is. The Macmillan 
spring catalogue lists the Velikovsky book under the heading 
“Science” along with four other books whose titles suggest that 
they may be properly classified. The four authors must feel much 
flattered at finding themselves in company so distinguished ! 

We are given advance notice that Worlds in Collision is to be 
followed shortly by more of the same kind. Under what appropriate 
heading shall we advise that the publisher classify, in future, works 
that do not rise to the level of good science fiction, and are best 
described as burlesque of both science and history? If we are to 
judge from the tactics employed in advertising the subject of this 
review, its publisher is concerned chiefly with the classification 


“best seller.” CHESTER R. LONGWELL 


Structural Petrology of Deformed Rocks; by H. W. Fatrpainn 
with supplementary chapters on Statistical Analysis, by F. Chayes). 
344 pp. Cambridge, Mass., 1949 (Addison-Wesley, $12.50).—The 
second edition of Professor Fairbairn’s book will be welcomed by 
all workers in the field of structural petrology. It is well printed 
and abundantly illustrated with clear line drawings; and orthodox 
binding renders it much more attractive than its loosely bound pre- 
decessor. The general scope of the book, and the method of inde- 
pendent treatment of established facts, interpretation of these, and 
technique of petrofabric analysis, are the same as in the first edition. 
But there is a considerable amount of new material, drawn mainly 
from recent literature written in the English language. In Part I 
(established facts) there are new data on orientation of olivine in 
peridotites, on deformation lamellae in quartz, and on preferred 
orientation of deformed ooids and pebbles in meta-sediments. New 
material in Part II (interpretation and hypothesis) includes “addi 
tional examples of microfractures and multiple s-surfaces, a sum 
mary of rotation and relative movement of fabric elements, an 
account of recent regional investigations, and a separate chapter 
on the problem of tectonic transport.” Part IIIT (technique) has 
been expanded by adding a brief description of the interference- 
figure method of determining the orientation of optic axes in grains 
of uniaxial minerals (useful especially in deformed marbles), and 
by including details of additional x-ray techniques. The two con 
cluding chapters, on statistical treatment of petrofabric data, have 
been written by Dr. F. Chayes. 
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Fairbairn's Structural Petrology of Deformed Rocks is the most 
up-to-date and probably the most satisfactory presentation of this 
subject that has yet appeared in English. Moreover it is excellently 
illustrated and has a good bibliography. But it has a number of 
defects, the more serious of which are noted below in the hope that 
they may be remedied in the next edition. 

The data of structural petrology are gathered by intricate and 
time-consuming techniques, and their interpretation is based on 
concepts that are imperfectly understood by, or unfamiliar to, 
many petrologists. Simplicity and clarity of writing is therefore 
essential in any comprehensive treatment of the subject. In the 
reviewers opinion Professor Fairbairn’s writing at times lacks 
clarity and may even be ambiguous. For example, the statement on 
p. 33 “Olivine . . . shows high concentration of (010) parallel to 
the banding, with no directional orientation of (010) ... ” 
does not clearly convey what the reviewer presumes is the actual 
meaning: namely that there is no preferred orientation of any 
crystallographic direction lying in (010). The same ambiguous 
term “directional orientation” applied to crystal planes appears 
elsewhere in the book. Again on p. 17, it is said that “‘undulatory 
extinction bands in tectonite quartz are almost invariably parallel 
to the crystal axes’’-—-instead of to the axis [0001]. In a paragraph 
dealing with the 6b axis of tectonite fabrics (p. 6) it is not clear 
whether b, or the lineation, is referred to as being “commonly per- 


pendicular to a’ (and hence, by implication, occasionally not per 


pendicular to a). There are numerous references (¢.g., p. 25, line 
2; captions to figs. 2-24 to 2-28, 8-5, 8-6) to orientation data for 
lamellae and optic axes for calcite grains with “(0112) twins.” 
These actually refer to grains recorded in the original accounts of 
Sander and others as showing (0112) lamellae due to twinning or 
to some other mechanism (e.g., translation gliding). The statement 
in the middle paragraph of p. 269 regarding measurement of (0112) 
lamellae in calcite actually is true only of sections mounted between 
hemispheres of appropriate refractive index (1.65+). Moreover 
the opening sentence of the last paragraph on p. 269 (referring to 
“high relief characteristic of carbonates”) is obscure if not meaning 
less, and is inconsistent with the value of refractive index (1.529) 
given later for light vibrating normal to (0112) lamellae. The use 
of the word “anachronistic” in the fourth paragraph of p. 226 is 
singularly inappropriate, and can only confuse the reader. Other 
instances of confused writing could be cited. 

Misprinted or misused crystallographic symbols are too numer- 
ous. For the reader's benefit the following corrections are noted: 

p. 9, table 2-1, tourmaline: (0001) should read [0001}. 
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. 9, table 2-1, footnote 2: (0111) should read (1011). 
33, line 28: [001] should read [100]. 

. 83, line 29: (010) should read [001]. 

. 83, fig. 2-44: [100] should read [010]. 

. 36, fig. 2-51: 010 should read (010). 
119, table 9-1, footnote r: (0111) should read (1011). 
139, fig. 10-5, lines 2, 8: (0211) should read (0221). 
140, line 21: (1012) should read (1012). 
140, lines 23, 24; (2021) should read (2021). 


The standard use of different types of brackets to distinguish crystal 
faces, e.g., (1011), (1101) from corresponding forms, e.g., {1011} 
is now so well established that it should be followed in books such 
as this. 
Dr. Chayes has called the reviewer's attention to several mis- 
prints in the last two chapters: 
. 299, table 22-1, caption: 2-15 should read 16. 
. 300, line 25: 130 should read 131. 
. 301, table 22-2, caption: 130 should read 131. 
. 302, fig. 22-1, caption: 130 should read 131. 
. 315, table 23-2, footnote: X* should read chi-square. 
. 8315, line 7: section 7 should read section 6. 
. 818, equation 23-13: denominator of the left-hand factor 
should read (n-1) S, Sy. 
p. 321, heading, last section: 6 should read 7. 
p. 325, heading, line 5: 7 should read 8. 


The section (pp. 257-270) dealing with universal-stage pro- 
cedures in petrofabric analysis would be improved by omitting 
descriptions of standard methods for determining optic orientation 
of uniaxial and biaxial crystals in general. No student should 
attempt petrofabric analysis until he is familiar with such routine 
measurements, descriptions of which are available in a number of 
standard works. But it would be useful to have special instruc- 
tions for work on those minerals commonly investigated in petro- 
fabric analyses—quartz, calcite, dolomite, feldspars, micas, horn 
blende. Each presents special problems that can be solved by par- 
ticular means. In dealing with quartz, for example, there is the 
special problem of distinguishing a positive uniaxial mineral 
(quartz) from a mineral with high axial angle (feldspar) ; and this 
can be done much more rapidly than general distinction of any 
uniaxial from any biaxial crystal. Calcite of deformed rocks pre 
sents difficulties arising from its extreme birefringence and from 
close spacing of deformation lamellae. In measuring cleavage in 
biotite and hornblende certain positions, in which light absorption 
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is minimal, are preferable to others where absorption is strong. It 
would be useful for students to have the benefit of Professor Fair 


bairn's experience in connection with such special cases as these. 


The two final chapters on statistical analysis of fabric diagrams 
are clearly written, but are somewhat out of place in a book dealing 
with fabric of deformed rocks. As stated by Dr. Chayes on p. 297, 
the question of whether the pattern of an orientation diagram is 
significant or fortuitous seldom arises in connection with the fabric 
of deformed rocks. It does arise in the case of some sedimentary 
and igneous fabrics; but these are beyond the scope of the book. 
To the reviewer, the most satisfactory test of the reality or sig 
nificance of a weak orientation pattern is comparison of two dia 
grams based on two different sets of measurements made on the 
same fabric. One of the advantages of petrofabric as compared 
with certain other statistical studies is the ease with which a second 
set of data can be obtained when such checking becomes necessary. 

The criticisms offered above are intended to be constructive. In 
spite of the defects mentioned, Professor Fairbairn’s book is one 
that should be read by every petrologist, and should be continu 
ously available to every student of the fabric of deformed rocks. 

F. J. TURNER 


Farth Waves; by L. Don Leer. Harvard Monographs in Ap 
plied Science, No. 2. Pp. 122; 58 figs. Cambridge, Mass., and 
New York, N. Y., 1950 (Harvard University Press, John Wiley 
& Sons, Inc., $3.00 This book is a revision and extension of a 
series of eight lectures on “Applications of Seismological Tech 
niques to Engineering Problems,” given before the Lowell Institute 
of Boston in 1946 by Professor Leet. The work is directed to the 
reader with a general background in physics, geology or engineer 
ing, rather than to the specialist. Accordingly, the necessary mathe- 
matical developments have been kept very simple, and are very 
ele arly presented 

The first chapter describes briefly some modern types of seis 
mographs, after an account of simple harmonic motion and forced 
vibrations. Chapter II gives a strikingly clear and distinct account 
of the observed types of earth waves. A third chapter, “The Trans- 
mission of Earth Waves,” occupies nearly half of the book. Here 
the interpretation of travel-time graphs is considered at length, 
end is applied briefly to earthquakes, and in more detail to seismic 
prospecting. Several illustrations of structural mapping are ex 
plained. A short final chapter treats microseisms, and the problem 
of the location of storm centers from seismic observations. 

This monograph should prove of much value in supplying 
modern survey of applied seismology to a wider audience than 


served by the technical periodicals. JOSEPH ASHBROOK 
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